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ABSTRACT 
The Bahia Basin is located in the NW corner of South America where a complex history of 
subduction, accretion and transpression is on-going since Cretaceous times.  The Bahia Basin is 
located just offshore from major strike-slip fault systems that affect northern Colombia and lies 
behind the toe of the modern accretionary prism, where the Caribbean Plate is being subducted 
obliquely beneath South America. 
This study uses a high quality 3D-PSTM seismic volume, regional 2D seismic reflection lines, and 
well data, to investigate the basin formation and evolution in an oblique subduction setting.  Standard 
3D seismic mapping of key seismic stratigraphic surfaces (regional unconformities) and faults is used 
to identify the basin architecture and geological framework.  The main surface mapped in the area is 
the upper Miocene to lower Pliocene unconformity, which highlights the presence of a young, deep, 
narrow basin trending NE-SW, bounded to the NW by a major fault: the Bahia Fault.  This fault shows 
an initial phase of normal displacement with later inversion along its segments.  To understand the 
geological evolution between pre- and post- late Miocene times, structures below and above the 
unconformity were mapped.  In addition, time-thickness maps were calculated to assess the formation 
and migration of depocentres, as well as the growth of compression-related structures. 
 The interpretation of the regional grid of 2D seismic reflection lines, extending from the toe of 
the accretionary prism to the shelf, document the structural styles of the area.  These are the South 
Caribbean accretionary prism, an extensional/strike-slip zone to the rear of the prism and the mobile 
shale prevalent throughout the area.  Detailed interpretation of 3D seismic reflection data 
demonstrates that prior to the late Miocene the Bahia Basin formed as a transtensional basin within a 
right-lateral shear zone.  During this opening stage, areas within the basin acted as independent 
blocks bounded by strike-slip faults.  These blocks were internally deformed by small extensional 
faults, whose geometry and distribution suggest clockwise, vertical-axis block rotation within the shear 
zone.  Subsequently, the closing stage of the basin during Plio-Pleistocene times is discussed.  The 
main structural style in this phase of basin evolution is basin inversion together with concomitant 
extension, all suggesting a transpressional setting.  Moreover, this also suggests the occurrence of a 
complex interaction with major-onshore strike-slip fault systems, where the relative expulsion of the 
Maracaibo Block might induce the local onset of transpression in the Bahia Basin during Pliocene 
times, resulting in basin inversion, and ultimate closure of the basin. 
This study concludes that the formation and evolution of the Bahia Basin can be understood in 
the context of oblique subduction, where localised shale tectonics has also influenced the basin 
evolution, and extends evidence for strike-slip deformation along the southern boundary of the 
Caribbean plate further westward than previously documented. 
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Figure 3.2.  Regional topography and bathymetry data used in this study.  Data merged by Cerón 
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Figure 3.3.  Regional topography and bathymetry map showing the location of wells (labelled a – e) 
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Figure 3.4.  Comparison of seismic imaging using 2D and 3D data.  2D seismic data is used to interpret 
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Figure 4.1.  The Bahia Basin is located in the north-western corner of South America, in the offshore 
area within the Magdalena Fan and the South Caribbean Deformed Belt, in front of the Santa Marta 
Massif.  Letters in red refer to the main strike-slip faults systems:  RF (Romeral Fault), SM-BF (Santa 
Marta-Bucaramanga Fault), OF (Oca Fault), CF (Cuisa Fault), PF (El Pilar Fault), BF (Bocono Fault).  
Letters in black refer to main basins in the area: BhB (Bahia Basin – this study), P-SJB (Plato-San Jorge 
Basin), MB (Maracaibo Basin), NB (Nazareth Basin), JB (Jarara Basin), FB (Falcon Basin), BB (Bonaire 
Basin), CB (Cariaco Basin).  Letters in white refer to onshore mountain belts: SJFB (San Jacinto Fold 
Belt), SMM (Santa Marta Massif), PR (Perija Range), WC (Western Cordillera), CC (Central Cordillera), EC 
(Eastern Cordillera), MR (Merida Range).  Black arrow= Caribbean plate vector (~20 mm/yr, Trenkamp 
et al., 2002).  Lines in purple show the location of regional 2D seismic sections shown in Figure 4.2.  
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Figure 4.2.  Regional 2D seismic lines presented by previous authors crossing the South Caribbean 
Deformed Belt.  A) Seismic line across the Sinu Fold Belt (from Ruiz et al., 2000); B) seismic line 
showing the pull-apart basin offshore from the right-lateral Cuisa Fault (from Reistroffer et al., 2006); 
C) seismic line offshore the Guajira Peninsula showing the subducted oceanic crust beneath the 
accretionary prism (from Reistroffer et al., 2006); D) seismic line tied to the well DSDP-153, which 
confirms the presence of the oceanic crust, and showing the SCDB overthrusting the Caribbean Plate 
(from Ramirez, 2007).  Note the change in width of the SCDB from section A (~30 km) to section D 
(~50 km).  The horizontal scale is not given for Figures B and C.  For location see Figure 4.1. ................. 69 
Figure 4.3.  Location of the data provided by Ecopetrol in the Santa Marta Bay area and main 
structures observed in the area.  The Araza-1 well lies within the area of the 3D survey and reach a 
total depth of ca. 4100 m below sea level.  The red lines show the location of the 2D seismic lines 
referred to in the text.  Black-dashed box shows the location of Figure 4.11. .................................................. 70 
Figure 4.4.  Summary of previous work and chronostratigraphic correlations in the study area 
(including data from Berggren et al., 1995; Duque-Caro, 2001; Duarte et al., 2006; Duque-Caro, 2006; 
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Figure 4.5.  NW-SE 2D seismic line AC-1999-G7 (above) and interpretation (below), showing the 
compressional deformation within the South Caribbean Deformed Belt in the NW and the Bahia Basin 
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Figure 4.6.  NW-SE 2D seismic line AC-1999-G3A (above) and interpretation (below), showing the 
compressional deformation within the South Caribbean Deformed Belt in the NW and the Bahia Basin 
to the SE.  The legend is shown in Figure 4.5.  For location see Figures 4.3 and 4.11. ................................... 77 
Figure 4.7.  W-E 2D seismic line L-1982-8200 (above) and interpretation (below), showing the 
compressional deformation on the western margin of the South Caribbean Deformed Belt in the W 
and the Bahia Basin to the E.  The legend is shown in Figure 4.5.  For location see Figures 4.3 and 4.11.
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Figure 4.8.  W-E 2D seismic line L-1984-601 (above) and interpretation (below), showing an angular 
unconformity of Middle Eocene age. The Cienaga-1 well is located offshore, on the western side of the 
Santa Marta Massif, and drilled a narrow depocentre filled mainly by Miocene sediments. The basin 
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appears to be controlled by the Santa Marta-Bucaramanga Fault System, with evidence of basin 
inversion.  The legend is shown in Figure 5.  For location see Figures 4.3 and 4.11. ...................................... 79 
Figure 4.9.  N-S 2D seismic line L-1982-5300 (above) and interpretation (below), showing the eastern 
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Figure 4.15.  Schematic, cross-section evolution of the Bahia Basin.  A) Pre-middle Eocene, accretionary 
prism, namely San Jacinto Fold Belt.  B) Deposition of deepwater pelagic shales during middle Eocene 
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faults A and Bahia produces localised deposition of sediments, resulting in shale mobilization and 
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Figure 5.1.  Location of the study area.  The Bahia Basin is located in front of the NW corner of the 
Santa Marta Massif, at the end of two regional strike-slip fault systems: the E-W trending Oca-Ancon-
El Pilar Fault System (OF, AF, PF), and the NW-SE trending Santa Marta-Bucaramanga Fault (SM-BF).  
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units mapped within the study area and tied to the Araza-1 well.  Ages are calibrated to the 
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Figure 5.4.  Intra-Pleistocene time-structure map.  The observed geometry of the time-structure map is 
similar to that of the modern seabed bathymetry. The seabed is shown to deepen towards the north 
and is enclosed by structural highs in both the east and SW.  The disturbances on the surface 
correspond to the presence of mud volcanoes that are also observed at the seabed.  The contour 
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Figure 5.5.  A) Upper Miocene to lower Pliocene unconformity time-structure map.  There is a main 
structure trending NE-SW, separating the high blocks in the NW from the main depocentre in the SE.  
The depocentre is bounded to the east by a high block striking S-N, which is related to the recent 
uplift of the Santa Marta Massif.  The contour interval is 100 ms TWT.  The lines in grey are shown in 
Fig. 5.9.  B) Structure map showing the main faults that affect this surface.  Faults A, C and D form the 
boundaries to the Bahia Basin.  Fault B (Bahia Fault) is formed by three main segments.  The lines in 
grey show the location of seismic profiles in Figures 5.10 to 5.16. ..................................................................... 109 
Figure 5.6.  A) Middle Miocene unconformity time-structure map.  The main depocentre of the Bahia 
Basin is clearly visible; this is bounded by high areas in the south and in the east, and the NE-SW 
striking Bahia Fault in the north-western side.  A major truncation event marks the western boundary.  
The contour interval is 100 ms TWT.  The lines in grey are shown in Fig. 5.9.  B) Structure map showing 
the main faults that affect this surface.  Subsidiary faults X, Y and Z appear on the footwall of the Bahia 
Fault.  The lines in grey show the location of seismic profiles in Figures 5.10 to 5.16. ............................... 110 
Figure 5.7.  A) Upper Oligocene to lower Miocene unconformity time-structure map.  The main 
depocentre of the Bahia Basin is preserved; this is enclosed by structural highs in the south and in the 
east, and the NE-SW striking Bahia Fault in the north-west.  The contour interval is 100 ms TWT.  The 
lines in grey are shown in Fig. 5.9.  B) Structure map showing the main faults that affect this surface.  
The Bahia Fault is amalgamated into a single fault plane.  The lines in grey show the location of 
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Figure 5.8.  A) Middle Eocene unconformity time-structure map.  The main depocentre of the Bahia 
Basin is preserved; this is enclosed by structural highs in the south and in the east, and the NE-SW 
striking Bahia Fault in the north-west.  The contour interval is 100 ms TWT.  The lines in grey are 
shown in Fig. 5.9.  B) Structure map showing the main faults that affect this surface.  The Bahia Fault is 
amalgamated into a single fault plane.  The lines in grey show the location of seismic profiles in 
Figures 5.10 to 5.16. ............................................................................................................................................................... 112 
Figure 5.9.  Cross sections through the 3D seismic survey showing the general geometry of the Bahia 
Basin and main fault zones.  Cross-lines A to H are oriented NW-SE, and in-lines I to M are oriented 
SW to NE.  For location see Figures 5.5 to 5.8.  Vertical exaggeration ≃ 1.3. ................................................. 113 
Figure 5.10.  Seismic line K (above), and interpretation (below), crossing the location of the Araza-1 
well.  This shows the six surfaces interpreted within the 3D seismic volume, from top to bottom: 
seabed horizon (purple), intra-Pleistocene horizon (yellow), upper Miocene to lower Pliocene 
unconformity  (green), middle Miocene unconformity (light blue), upper Oligocene to lower Miocene 
unconformity (magenta) and middle Eocene unconformity (orange).  For location, see Figures 5.5 to 
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Figure 5.11.  Seismic Line C (above), and interpretation (below), crossing the location of the Araza-1 
well.  The UMLPU (green) is relatively easy to interpret on the northern side of the Bahia Fault (B) 
where it is tied to the Araza-1 well with a late Miocene age. Towards the SE, the UMLPU lies within a 
depocentre bounded by two highs; here, it is difficult to pick the location of the UMLPU because of 
the normal and inverse displacement of the Bahia Fault.  For location, see Figures 5.5 to 5.8. Vertical 
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Figure 5.12.  Seismic Line E (above), and interpretation (below).  The section crosses the central area of 
the survey, over a relay zone between the southern and central highs, where the Bahia Fault zone is 
composed of two normal faults dipping to the SE.  The UMLPU (green) and MMU (blue) are 
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interpreted between the step-faulted blocks.  Deeper, the late Oligocene unconformity (magenta) is 
interpreted as the top of the overpressured shale source of the mud volcanism.  The orange line is 
interpreted as the older regional unconformity (MEU) defined by the angular unconformity (AU) 
between pseudo-planar reflections above and folded non-continuous reflections below.  For location, 
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Figure 5.13.  A)  Arbitrary lines (above), and interpretation (below), across the relay zone between the 
central and northern segments of the Bahia Fault.  Vertical exaggeration ≃ 2.7.  B) (next page)  
Arbitrary seismic line (above), and interpretation (below), through the relay zone between the central 
and northern segments of the Bahia Fault.  For location see Figures 5.5 to 5.8.  Vertical exaggeration ≃ 
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deepest part of the depocentre, and a deeper unconformity is interpreted as the middle Miocene 
unconformity (MMU).  For location, see Figures 5.5 to 5.8.  Vertical exaggeration ≃ 1.3. ......................... 120 
Figure 5.15.  Seismic Line J (above), and interpretation (below).  Seismic interpretation shows a 
thinning of the Miocene units (SSU 3-4) towards the SW, together with a thickening of the Oligocene 
unit (SSU2).  Fault X is interpreted as an inverted negative flower structure.  For location, see Figures 
5.5 to 5.8.  Vertical exaggeration ≃ 1.3. .......................................................................................................................... 121 
Figure 5.16.  Seismic Line M (above), and interpretation (below).  Seismic interpretation shows two 
main faults bounding the Bahia Basin; Fault C to the south, and Fault D to the east.  The middle 
Eocene unconformity (MEU) is easily interpreted from deep, high-amplitude reflectors within the high 
blocks bounding the Bahia Basin.  For location, see Figures 5.5 to 5.8.  Vertical exaggeration ≃ 1.3. . 122 
Figure 5.17.  Isochron maps for the Bahia Basin.  A) The middle Eocene to upper Oligocene (SSU 2) 
map illustrates thickness variations in the shale-rich unit.  The isochron map highlights a thick package 
to the north-western side of the survey and a notably thinner package in the vicinity of the Bahia 
Basin.  B) The upper Oligocene to middle Miocene (SSU 3) map shows the development of localised 
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Figure 5.18.  Location of main faults in the Bahia Basin.  Faults A, C and D are the boundaries of the 
Bahia Basin.  The shaded area shows the extent of the basin.  Well a: Araza-1; well b: Barranquilla-1; 
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Figure 5.19.  2D regional lines AC-1999-G13 (NW-SE) and L-1984-316 (N-S).  This section illustrates 
the south-westernmost extension of Faults A and C located at the rear of the South Caribbean 
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Figure 5.21. 2D-3D merged sections along Fault C.  This fault zone is formed multiple segments 
displaying normal and right-lateral displacement.  A) 3D seismic and line L-1982-4700 shows the Bahia 
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Basin between Faults A and C.  B) 3D seismic and line L-1982-4900 shows the opening of the main 
depocentre between Fault C and the Bahia Fault (B).   C) 3D seismic, L-1984-344 and L-1982-5100 
shows a wider main depocentre and the presence of oblique normal faults between Faults C and B.  
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Figure 5.32.  A) Idealised model of vertical-axis rotation of the central block between Fault A and the 
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Example of the late stage of a pull-apart experiment under transtension (from Wu and McClay, 2009).  
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slip faults at the rear of the accretionary prism.  C)  Late Oligocene to middle Miocene.  As the strike-
slip continues, the Bahia Basin is formed between Fault A and the Bahia Fault.  The sediment load 
induces shale mobility and mud volcanism.  D)  Middle Miocene to early Pliocene.  As strike-slip 
deformation continues, normal faulting and clockwise vertical-axis block rotation occurs at the rear of 
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Figure 6.1.  Deformation styles of shortened (inverted) normal fault systems. (a) Partially inverted 
normal fault; (b) normal fault localising thrust-ramp; (c–e) thrust ramp decapitating an early normal 
fault; (f) normal fault acting as stress riser favouring thrust ramp steeping over the normal fault; (g) 
cover detachment overstepping the half grabens' synsedimentary fill; (h) footwall collapse of early 
normal fault scarp (footwall shortcut); (i) pop-up structure; (j) break back thrust faults change in 
transport direction; (k) thrust stacking of extensional imbricates. Red line, inverted normal fault; black 
line, not-reactivated normal fault; blue line, new thrust fault. White arrowhead, normal fault developed 
during the first-phase extension; black arrowhead, inverted normal fault (if associated with the white 
arrow), or thrust fault formed during inversion. Grey shading indicates the synsedimentary graben fill.  
From Bonini et al. (2012). ..................................................................................................................................................... 172 
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CHAPTER 1 
Introduction 
 
 
1.1. Research motivation  
The southern margin of the Caribbean Plate is one of the major hydrocarbon provinces in 
the world, with a daily production of oil and gas close to 4 MMBO per day (BP, 2015).  
However, most of this production comes from onshore oil fields in the foreland basins of 
Venezuela and Colombia, and only a few are located offshore in Trinidad and Tobago, 
Barbados and eastern Venezuela.  There are only two gas fields along the south-western 
Caribbean margin; the Chuchupa-Ballenas field (7 Tcf), discovered in the 1970’s, ~20 km 
offshore the Guajira Peninsula in Colombia, and the recent discovery (2009) of La Perla field 
(17 Tcf), ~50 km offshore Venezuela.  Moreover, very recent discoveries have been reported 
offshore Colombia with the Orca-1 (2014) and Kronos-1 (2015) wells, which confirm the 
petroleum potential of the South Caribbean margin (Ecopetrol, 2015).  This potential has 
motivated the development of extensive exploration campaigns, which have resulted in the 
acquisition of large amount of data that is also used by researchers to investigate the 
complex geological evolution of this region.  
 
As a result, important contributions to the geological knowledge of the southern Caribbean 
have been published, although most of the studies focus either on the regional scale or the 
Venezuelan sector of the margin, mostly because of the larger petroleum potential of the 
Venezuelan basins (e.g. Mann, 1999; Mann and Escalona, 2006; James et al., 2009; Cardona 
and Ojeda, 2010; Mann and Escalona, 2011).  Relatively fewer studies have focused 
specifically on the evolution of the Colombian Caribbean basins (e.g. Ruiz et al., 2000; 
Gomez, 2001; Flinch, 2003; Ramirez, 2007; Vence, 2008; Romero, 2009; Cadena, 2012; Bernal-
Olaya, 2014).   
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These studies have broadly agreed that the evolution of the southern Caribbean basins is 
characterised by a complex process of oblique subduction, accretion, transpression and 
strain partitioning as a result of the diachronous-eastward collision of the Caribbean with the 
north-western corner of South America (e.g. Escalona and Mann, 2011).  However, although 
the overall timing and structural styles of several basins along the South Caribbean margin 
have been previously analysed (Mann and Escalona, 2011 ; and references therein), the 
structural styles and basin evolution at the western end of this margin has not been clearly 
understood and are generally only described at a regional scale.  An area of particular 
interest is the Bahia Basin, located behind the South Caribbean Deformed Belt, between the 
Magdalena Fan to the west and the north-western corner of the Santa Marta Massif to the 
east, at the confluence of regional strike-slip systems: the E-W trending, right-lateral, Oca 
Fault, and the NNW-SSE trending, left-lateral Santa Marta-Bucaramanga Fault.  Given its 
location, this basin is an excellent example for studying the structural evolution of a strike-
slip basin at the rear of an accretionary prism, in the context of oblique subduction, leading 
to transpression/transtension. 
 
Despite the large exploration campaigns recently performed along the Colombian 
Caribbean, and the acquisition of several high-quality 3D seismic volumes, very few studies 
have made use of this powerful tool to investigate the subsurface, and most of the published 
studies only use 2D seismic data to speculate about the complex geology of the region.  This 
study uses a high-quality 3D-PSTM seismic volume, regional 2D seismic reflection lines, 
together with borehole data including one exploratory well drilled within the area of the 3D 
seismic volume, to investigate the basin formation and evolution in an oblique subduction 
setting.  Standard 3D seismic mapping of key seismic stratigraphic surfaces (regional 
unconformities) and faults is used to identify the basin architecture and geological 
framework.  Despite the high quality of the seismic data, interpretation is challenging due to 
the structural complexity and pervasive mud volcanism that degrades the seismic signal.  The 
main surface mapped in the area is the upper Miocene to lower Pliocene unconformity, 
which highlights the presence of a young, deep, narrow basin trending NE-SW, bounded to 
the NW by a major fault: the Bahia Fault.  This fault shows an initial phase of normal 
displacement with later inversion along its segments.  To understand the geological 
evolution between pre- and post- late Miocene times, structures below and above the 
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unconformity were mapped on vertical sections, time-slices and using a variety of seismic 
attributes including spectral decomposition and coherency.  In addition, time-thickness maps 
were calculated to assess the formation and migration of depocentres, as well as the growth 
of compression-related structures. 
 
In summary, this research demonstrates the powerful use of 3D seismic-reflection data to 
understand complex structural geometries, particularly in strike-slip settings, where typical 
features, such as popup structures, vertical-axis block rotations and concomitant extension 
and shortening are common and difficult to visualize by other means (i.e. 2D seismic data, 
surface geology).  Hence, this study concludes that the formation and evolution of the Bahia 
Basin can be understood in the context of oblique subduction, where localised shale 
tectonics has also influenced the basin’s evolution.  The documented continuum of process 
from transtension-extension to transpression-inversion, exemplifies the westernmost 
example of strike-slip deformation in the offshore-Colombian Caribbean margin.  Moreover, 
this also suggests the occurrence of a complex interaction with major-onshore strike-slip 
fault systems, where the relative expulsion of the Maracaibo Block might induce the local 
onset of transpression in the Bahia Basin during Pliocene times, resulting in basin inversion, 
and ultimate closure of the basin. 
 
1.2. Oblique subduction, strain partitioning and forearc basin formation 
Strain partitioning between strike-slip faults parallel to the margin, and thrusts and folds in 
response to an orthogonal component of deformation, is a common feature in oblique 
converging margins (e.g. Fitch, 1972; Beck, 1983; McCaffrey, 1991; McCaffrey, 1992; Beck et 
al., 1993; Yu et al., 1993; Teyssier et al., 1995).  Fitch (1972) was the first to highlight the 
occurrence of strike-slip deformation zones in oblique subduction settings.  These strike-slip 
faults are typically parallel to the trench and located at the rear of the accretionary prism 
resulted from subduction.  Since then, a component of strike-slip movement has been 
identified in about 50% of the active subduction zones around the world (Jarrard, 1986); 
some of the most documented examples are: the Sumatran trench (McCaffrey, 1991; 
McCaffrey, 2009); the Hikurangi margin in New Zealand (Collot and Davy, 1998; Upton et al., 
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2003); the Ryukyu trench, eastern Taiwan (Lallemand et al., 1999); the Aleutians (Ryan and 
Scholl, 1989; Yu et al., 1993); south (Polonia et al., 2007) and north segments of the Chilean 
trench (Cembrano et al., 2005); and the southern margin of the Caribbean along northern 
Venezuela (Avé Lallemant, 1997; Beardsley and Avé Lallemant, 2007; Escalona and Mann, 
2011).    
 
The region between the trench and the strike-slip fault has been generally referred to as the 
forearc sliver.  This sliver is dragged along the strike relative to the overriding plate as a 
result of the oblique motion of the subducting plate beneath it (e.g. Fitch, 1972; Jarrard, 
1986) (Figure 1.1A).  Initial observations and analysis of earthquake focal mechanisms 
demonstrated that strain is generally not completely partitioned between pure convergence 
and pure strike-slip.  Instead, the slip vector (Vt) is defined between the plate motion vector 
(V) and the vector normal to the trench (Vn) (McCaffrey, 1992; Yu et al., 1993; Teyssier et al., 
1995) (Figure 1.1B).  Hence, the integration of GPS and earthquake data has been used to 
calculate the solution of the triangle formed by V, Vt and Vss, allowing the estimation of 
magnitudes of Vt and Vss (e.g. McCaffrey, 2009).    
 
 
 
 
Figure 1.1. A) Block diagram showing the geometry and motion of the forearc sliver in conditions of oblique 
subduction.  B) Vector geometry of oblique subduction settings, where V= Vector of the subducting plate, γ= 
angle of convergence obliquity, Vt= thrust vector, ψ= angle of slip vector obliquity, Vss= strike-slip vector, and 
Vn= vector normal to the trench.  From McCaffrey (2009). 
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The deformation within the wedge-shaped forearc sliver and the degree of strain partitioning 
has been the focus of multiple research, and has been generally explained in terms of the 
angle of obliquity of the subduction, slip rates, rheology and the coupling between the 
overriding and downgoing plates.  From general observations, it is generally accepted that 
the greater the angle of obliquity, the greater the rate of motion of the forearc sliver (i.e. 
strike-slip displacement).  Therefore, at arcuate margins, the change in the obliquity along 
the margin has been correlated with variations of the structural styles within the sliver and 
implies the occurrence of along-strike extension (e.g. McCaffrey, 1991; McCaffrey et al., 
2000).  Multiple studies have focused on the localisation of the strain partitioning; analytical 
studies using Mohr-Coulomb (Platt, 1993; Enlow and Koons, 1998; Platt, 2000) and 
geometrical approaches (McCaffrey, 1992; Yu et al., 1993; Haq and Davis, 2010) have 
predicted a deformation zone with strike-slip motion at the rear of the forearc wedge 
(Figure 1.2).  This has also been tested by several analogue and numerical models (Richard 
et al., 1991; Pinet and Cobbold, 1992; Burbidge and Braun, 1998; Casas-Sainz et al., 2001; 
Upton et al., 2003; McClay et al., 2004; Haq and Davis, 2010; Leever et al., 2011b).  In general, 
these studies proposed the existence of a critical convergence angle between 60° and 65° at 
which strain partitioning starts to occur.  However, natural examples show the occurrence of 
strain partitioning at lower plate convergence angles (e.g. ~40° in Sumatra, Yu et al., 1993). 
 
 
 
 
Figure 1.2.  Theoretical structural styles presented in an obliquely converging viscous wedge (with left-lateral 
deformation at the rear of the wedge).  From Platt (Platt, 2000).
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The occurrence of strain partitioning is of particular importance because of its implication in 
the localization of strike-slip deformation zones towards the rear of the wedge, which is an 
important mechanism of basin formation (Ballance and Reading, 1980; Christie-Blick and 
Biddle, 1985; Nilsen and Sylvester, 1995; Allen and Allen, 2013).  Strike-slip deformation 
zones may present a range of different structural styles such as positive and negative flower 
structures, en echelon arrangement of faults and folds, synthetic and antithetic faults, and 
restraining and releasing bends (Figure 1.3).  The formation of these structures in terms of 
oblique subduction can be controlled by four main factors: 1) the degree of convergence or 
divergence between the forearc sliver and the overriding plate, 2) the magnitude of 
displacement of the sliver, 3) the material properties of the rocks, and 4) the configuration of 
pre-existing structures (Christie-Blick and Biddle, 1985).  Hence, forearc basins in areas of 
oblique subduction present particularly complex configurations as a result of the invariably 
complex history of deformation along strike-slip zones. 
 
 
 
Figure 1.3.  Example of structures formed along a strike-slip deformation zone.  A) Plan view of structures 
associated with an idealized right-lateral deformation zone.  B)  Right-lateral deformation zone with the 
predominance of divergent structures.  Modified from Christie-Blick and Biddle (1985) in Allen and Allen (2013). 
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One of the most documented examples of forearc-basin formation in oblique subduction 
settings is the Sunda arc-trench system.  Several depocentres formed along the right-lateral 
Sumatran Fault system in response to the increasing subduction-obliquity towards the north 
(Figure 1.4A) (e.g. Sieh and Natawidjaja, 2000; McCaffrey, 2009).  Recent studies using 
seismic and bathymetry data have documented the structural evolution of basins within the 
forearc sliver and confirm that the main boundaries of such depocentres correspond to 
strike-slip faults expressed as positive flower structures (WAF in Figure 1.4B; MFZ in Figure 
1.4C) (Berglar et al., 2010; Martin et al., 2014).  Furthermore, these observations suggest that 
the strain is partitioned along different trench-parallel fault segments, including the seaward 
edge of the forearc basin (i.e. WAF), and not necessarily along a single fault at the rear of the 
forearc sliver, thus creating a wider zone of strike-slip deformation.  
 
 
 
Figure 1.4. Example of forearc basins in the margin between the Indian-Australian Plate and the Sundaland Block 
(i.e. Eurasian Plate).  A) Regional tectonic setting showing the oblique subduction of the Indian (red arrows) and 
Australian (orange arrows) plates beneath the Eurasian Plate at the Sunda Trench.  Right-lateral faults at the rear 
of the accretionary prism are the Sumatran Fault, Mentawai Fault, West Andaman Fault (WAF) and Eastern Margin 
Fault (EMF).  Some basins within this strike-slip system are the Aceh Basin (AB), the Tuba Basin (TB) and the 
Simeulue Basin (SB).  Modified from Martin et al. (2014).  B) Seismic section across the Aceh Basin bounded to the 
SW by the West Andaman Fault.  From Martin et al. (2014).  C) Seismic section across the Tuba and Simeulue 
basins separated by the Mentawai Fault Zone (MFZ); thrust fault in the SW are interpreted as part of the 
accretionary prism.  From Berglar et al. (2010). 
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1.3. Aim and objectives  
The thesis aims to document the structural evolution of the middle Eocene to Holocene 
Bahia Basin, in the context of the oblique subduction of the Caribbean Plate beneath the 
north-western corner of South America.  To achieve this aim, the thesis focuses on these 
main objectives: 
 
1. Identify and characterise the structural styles observed in the area of the Bahia Basin. 
 
2. Evaluate the evidence for strike-slip deformation presented during the evolution of 
the Bahia Basin as a result of the continuous oblique subduction of the Caribbean 
Plate.  
 
3. Evaluate the styles of deformation associated with transtensional and transpressional 
basins in an oblique subduction setting. 
 
4. Define the temporal and spatial evolution of inversion-related structures along cross-
basinal strike-slip faults. 
 
5. Assess the role of the mud volcanism in the evolution of the Bahia Basin.  
 
6. Evaluate the offshore continuation of regional strike-slip faults observed in the north-
western corner of the South America and define its implications in the regional 
evolution of the Bahia Basin.  
 
1.4. Thesis outline  
The content of chapters 2-8 is outlined below.  Results of the structural and seismic-
stratigraphic interpretations are presented in three main chapters (4-6) in order to define the 
tectonic and structural evolution of the Bahia Basin.   
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 Chapter two presents the literature review to summarise the regional tectonic setting and 
geological history of the Colombian Caribbean margin.  
 
 Chapter three presents the data and methodology used in this thesis. 
 
 Chapter four presents a regional interpretation to describe the three main structural 
styles observed in the study area, namely the South Caribbean accretionary prism, an 
extensional/strike-slip zone to the rear of the prism and mobile shale prevalent 
throughout the area.   
 
 Chapter five focuses on the opening stage of the Bahia Basin, describing the evidence for 
strike-slip deformation, and supporting the occurrence of a pull-apart/transtensional 
basin in a right-lateral shear zone.   
 
 Chapter six focuses on the closing stage of the basin, which displays elements of strike-
slip deformation, including basin inversion together with concomitant extension, all 
suggesting a transpressional setting. 
 
 Chapter seven presents the discussion of the results, integrated as a paleogeographic 
reconstruction of the north-western corner of South America. 
 
 Chapter eight summarises the conclusions of the thesis. 
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CHAPTER 2 
Tectonic setting and geological history 
of the Colombian Caribbean margin 
 
 
2.1. Caribbean tectonic setting 
The Caribbean is a lithospheric plate of oceanic affinity located between North and South 
America towards the east, and bounded by the Cocos and Nazca Plates towards the west 
(Figure 2.1).  The boundaries of the Caribbean Plate are characterised by complex zones of 
collision, subduction and strike-slip deformation.  The Central American subduction zone 
forms the western margin, where the Cocos Plate is subducting eastwards below the 
Caribbean Plate.  The northern margin is a left-lateral strike-slip zone that extends from the 
Motagua Fault Zone (MFZ) in the west to the Lesser Antilles in the east (Figure 2.1).  The 
eastern extension of the MFZ is the Cayman Trough, a 45-50 Ma pull-apart basin that 
records left-lateral displacement between the North American and Caribbean Plates (Leroy et 
al., 2000).  The pure left-lateral displacement of the Cayman Trough is transferred towards 
the east into a complex transpressional zone along the Greater Antilles island arc (e.g. 
Hispaniola, Puerto Rico), characterised by the oblique subduction of the Atlantic (i.e. North 
American Plate) beneath the Caribbean Plate (Sykes et al., 1982; Laó-Dávila, 2014).  As the 
Caribbean Plate ends towards the east, the Puerto Rico trench curves southward along the 
Lesser Antilles Arc, and the west-directed subduction becomes orthogonal to the margin 
(Figure 2.1).  As a result of the subduction, arc volcanism has been recorded since late 
Eocene (Briden et al., 1979).  In addition, sediments from the Orinoco Delta have been 
scraped off the Atlantic and accreted to the Caribbean along the Barbados prism since 
Eocene times (Speed, 1985; Westbrook et al., 1988; Deville et al., 2015).   
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At the southern termination of the Lesser Antilles, the subduction zone bends towards the 
west and connects with the regional right-lateral strike-slip system that characterises the 
southern margin of the Caribbean.  In the east, most of the strike-slip displacement is 
accommodated along the El Pilar Fault System in northern Venezuela (Pérez et al., 2001; 
Jouanne et al., 2011; Reinoza et al., 2015).  Towards the west, the margin broadens across the 
northern Andes and the right-lateral motion is accommodated by the Bocono and Oca Fault 
Systems (Schubert, 1980; Audemard et al., 2005).  These faults systems and the Santa Marta-
Bucaramanga Fault bound the Maracaibo Block, which constitutes the northern end of the 
Andes (Figure 2.1).  Offshore Colombia and Venezuela, an accretionary prism (the South 
Caribbean Deformed Belt) accumulates the N-S shortening caused by the north-eastern 
expulsion of the North Andes Block and the oblique subduction of the Caribbean Plate 
(Mann and Burke, 1984; Taboada et al., 2000; Egbue and Kellogg, 2010; Kroehler et al., 2011).  
An accretionary prism (the Panama Deformed Belt) which records the N-S shortening of the 
collision between the Panama Block, the North Andes and the Caribbean Plate, forms the 
south-western end of the margin (Duque-Caro, 1990b; Trenkamp et al., 2002; Pindell and 
Kennan, 2009; Montes et al., 2012). 
 
Internally, the Caribbean Plate is subdivided in four main areas from west to east: the 
Nicaraguan Rise, the Colombian Basin, the Beata Ridge and the Venezuelan Basin (Figure 
2.1).  Extensive geophysical studies (e.g. Edgar et al., 1971; Burke et al., 1978; Mauffret and 
Leroy, 1997) and deep sea drilling (DSDP and OPD) have concluded that the majority of the 
Caribbean Plate is formed by an anomalously thick oceanic crust (15-20 km) formed by a 
large basaltic flood (Donnelly et al., 1973; Edgar et al., 1973a; Donnelly, 1994) that occurred 
between 91 and 88 Ma (Kerr et al., 1997; Sinton et al., 1998; Hauff et al., 2000; Revillon et al., 
2000).  This oceanic plateau, which is referred to as the Caribbean Large Igneous Province 
(CLIP) (Burke et al., 1978; Burke, 1988; Saunders et al., 1996), is found within the ocean basins 
and in distant accreted terranes across the basin (e.g. Greater Antilles, Leeward Antilles, 
Central America, Western Colombia) (Kerr et al., 1996; Kerr et al., 1999; Kerr et al., 2000).   
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Figure 2.1.  Seismotectonic setting of the Caribbean (modified from Symithe et al., 2015).  Coloured circles are precisely relocated seismicity (1960-2008, Engdah et al., 1998).  
Earthquake focal mechanism are from the Global CMT Catalogue (1976–2014) (Ekström et al., 2012), thrust focal mechanisms are shown in blue, others in red.  Black lines show 
the major active plate boundary faults.  GPS vectors: black for DeMets et al. (2000), blue for Trenkamp et al. (2002).  MFZ= Motagua Fault Zone; SM-BF= Santa Marta-
Bucaramanga Fault.  Red square shows the location of Figure 2.6.   
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2.1.1. Evolution of the Caribbean Plate 
Models to explain the tectonic evolution of this area of complex plate interaction, range from 
an in-situ origin of the Caribbean Plate (Funnell and Smith, 1968; Ball et al., 1969; Frisch et al., 
1992; Meschede and Frisch, 1998; James, 2005a; James, 2005b; James, 2009a; James, 2009b) 
to a variety of models supporting the migration of the Caribbean Plate from the Pacific (e.g. 
Wilson, 1966; Malfait and Dinkelman, 1972; Burke et al., 1984; Dewey and Pindell, 1985; 
Burke, 1988; Pindell et al., 1988; Pindell and Barret, 1990; Pindell, 1994; Pindell et al., 1998; 
Pindell and Kennan, 2001; Pindell et al., 2005).  After a long debate (Pindell et al., 2000; 
James, 2005b; James, 2009b; James, 2012; James, 2013; Pindell, 2013; Pindell, 2015), recent 
studies have supported the Pacific origin of the Caribbean Plate and its long-lived 
subduction beneath the north-western corner of South America (Bezada et al., 2010; Masy et 
al., 2011; Van Benthem et al., 2013; Bochman et al., 2014; Masy et al., 2015).  Pindell and 
Kennan (2009) provide an updated version of the most accepted model of migration, 
collision, accretion and subduction of the Caribbean Plate since the early Cretaceous (Figure 
2.2).  Right-lateral, transpressional, deformation along major fault systems occurred 
throughout this time on the northern margin of South America (Colombia and Venezuela) as 
the Caribbean Plate moved east relative to South America (Figure 2.3).  Their model is briefly 
described here. 
 
Following the initiation of the Atlantic opening in the Jurassic, the Americas started to move 
westward.  During this westward movement, relative divergence of the Americas, caused 
seafloor spreading and the formation of the Atlantic/proto-Caribbean oceanic crust between 
the North and South American Plates.  In Aptian times (125 – 120 Ma, Figure 2.2A), the 
Atlantic (Proto-Caribbean) started to subduct beneath the Caribbean Plate, forming the 
Caribbean Arc, which is recorded by Cretaceous age volcanic rocks on some of the Caribbean 
islands (e.g. Jamaica, Cuba, Puerto Rico, Tobago).  As the Caribbean Plate moved to the 
north, dextral strike-slip movement occurred in the Real and Central Cordilleras in Ecuador 
and south Colombia respectively.  Subduction possibly also started at the north-western 
boundary of the Caribbean Plate at this time with a transform developing in the SW as a 
result of the SE movement of the Pacific/Farallon Plate.  This process continued until the end 
of the early Cretaceous (100 Ma, Figure 2.2B) as the Caribbean Plate continued to move 
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towards the NNE.  A slab gap is thought to have started to form in the subduction on the 
eastern side of the Caribbean Plate at about this time.  The formation of the slab gap is 
attributed to the subduction of the Atlantic (proto-Caribbean) spreading centre. 
 
By late Cretaceous times (84 Ma, Figure 2.2C), a large igneous province (or oceanic plateau) 
had formed in the Caribbean Plate.  The origin of these volcanic rocks is thought to be either 
a proto-Galapagos hotspot plume (green area, Figure 2.2) or deep-plume derived melts 
from the subducted Atlantic spreading centre coming to the surface along the slab gap (pink 
area, Figure 2.2).  Simultaneously, the Farallon Plate moved to the ESE and subducted below 
the western margin of the Caribbean Plate.  By the end of the Cretaceous (71 Ma, Figure 
2.2D), the North American and South American plates had ceased to diverge, resulting in 
more subduction in the Northern Andes, with collision of Panama with Peru and Ecuador, 
and in the north collision of the Caribbean Arc with the North American Plate. 
 
During Paleocene-Eocene times (56 Ma, Figure 2.2E), the Caribbean Arc collided with 
Bahamas-Florida to the north and Venezuela to the south, creating oblique intra-arc basins 
(Yucatan and Grenada Basins).  The subduction of the Caribbean Arc towards the north was 
almost complete (beneath Chortis-Jamaica arc) with accretion of different terranes.  The 
northward movement of the Panama Arc continued along the western margin of South 
America, and with it oblique subduction along northern Colombia.  This is accompanied by 
the movement of allochthonous terranes along major-regional dextral faults (e.g. Palestina 
and Romeral Fault Zones; Kennan and Pindell, 2009), which resulted in the accretion of the 
San Jacinto Fold Belt in NW Colombia, just to the south of the study area.  During the middle 
Eocene (46 Ma, Figure 2.2F), the northward movement of the Caribbean Plate had stopped 
and instead it had started to move eastward with respect to the Americas (Figure 2.3).  The 
southern Caribbean moved to the SE, causing transpression along the central Venezuelan 
margin, and increased subduction towards the east in the Colombian Andes.  This event is 
recorded by major uplift in the Central Cordillera with a significant regional unconformity.  
Towards the west, the southern part of the Panama Arc was colliding with Ecuador.  This ESE-
ward movement of the Caribbean Plate continued during the Oligocene (33 Ma, Figure 
2.2G) forming the San Jacinto accretionary prism on the NW corner of South America. 
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Figure 2.2.  Updated and most accepted model for the evolution of the Caribbean, presented by Pindell and Kennan (2009).  The 
Caribbean has a Pacific origin, migrating first from the south and then entering the area between North American (NA) and South 
American (SA) plates as they move towards the west as a result of the opening of the Atlantic.  The continental-ocean boundaries 
of NA and SA Plates are in orange.  The location of the current shape of the Caribbean Basin is in grey.  The blue areas are those 
that will subduct before the next stage.  The current outline of America is shown in light grey as a reference of the actual movement 
of North and South American plates towards the west.  The pink area correspond to the slab gap created because of the 
subduction of the proto-Caribbean / Atlantic spreading centre and green areas show possible plume-derived rocks; both areas may 
be related to the Caribbean Large Igneous Province.  In the 0 Ma map the blue line summarises the movement of the Caribbean 
plate in the Indo-Atlantic hotspot reference frame.  Similarly, the red line shows the migration of the Galapagos hotspot in the 
Indo-Atlantic reference frame.  Red star shows the estimated location of the Bahia Basin during the last stages of the evolution.  
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In early Miocene times (19 Ma, Figure 2.2H), the SE directed subduction of the Caribbean 
Plate continued with the development of the South Caribbean Deformed Belt along the 
northern margin of South America.  Oblique collision in northern Venezuela and major 
convergence in Colombia, lead to the accretion of the Sinu accretionary prism, and a major 
phase of uplift in the Colombian Andes, again recorded by a regional unconformity in 
different basins.  The Bahia Basin is located in the area where the orthogonal subduction 
transfers westward into a zone dominated by dextral strike-slip deformation (red star, Figure 
2.2H-J).  Simultaneously, the Panama Arc was colliding with the Western Cordillera and the 
Sinu Fold Belt, and was escaping towards the NW, forming the Panama Fold Belt.  By the late 
Miocene (10 Ma, Figure 2.2I), there was a shift in the Caribbean motion from SE to E, 
generating dextral shear in the south Caribbean and transpression to the north.  After the 
late Miocene, the Panama Arc no longer acted as a separate micro plate but it is partly 
coupled to the Nazca Plate, colliding with western Colombia and causing shortening and 
uplift in the Northern Andes.   
 
 
 
Figure 2.3.  Motion history of North (NA) and South American (SA) Plates with relation to the Indo-Atlantic Hot 
Spot (IAHS) reference frame (Müller et al., 1993).  Light grey line, motion of hot spots relative to NA.  Black line, 
motion of the Caribbean relative to NA.  Light black lines, former relative positions of the Caribbean trench.  Light 
grey polygon shows the location of the Cayman Trough.  Inset shows the Cenozoic convergence of the Americas 
from Pindell et al. (1988) = P88; and Müller et al. (1999) = M99.  STP = location of seismic tomographic profile of 
Van der Hilst (1990).  From Pindell and Kennan, 2009. 
 
Chapter 2 – Literature review 
37 
Currently, the present day configuration of the Caribbean region (Figure 2.2J) is the result of 
this complex collision, subduction, accretion and transpression, between the Caribbean and 
the surrounding plates (Figure 2.3).  GPS data show that the Panama Block is converging 
with Colombia at a rate of ~30 mm/yr in contrast to the NW-SE convergence between 
Colombia and the Caribbean at a rate of 20 mm/yr (Figure 2.1, Trenkamp et al., 2002). 
 
In summary, the relative eastward movement of the Caribbean responds to the westward 
drift of the Americas since the opening of the Atlantic (Müller et al., 1993; Müller et al., 1999; 
Pindell and Kennan, 2009).  Figure 2.3 shows the westward motion of North and South 
America (blue and red lines respectively) in the Indo-Atlantic hot spot reference frame 
(Müller et al., 1993).  Conversely, the black lines show the progressive eastward advance of 
the Caribbean lithosphere since early Cretaceous times.  In addition, the dashed line labelled 
STP highlights the location of the seismic tomographic profile (from Van der Hilst, 1990 in 
Pindell and Kennan, 2009), which shows at least 1500 km of subduction of the Atlantic 
beneath the Caribbean Plate. 
 
2.1.2. Subduction of the Caribbean Plate in the north-western corner of South 
America 
Although the subduction of the Caribbean Plate below north-western South America has 
been long established (Edgar et al., 1971; Dewey, 1972; Burke et al., 1978; Ladd and Truchan, 
1983; Ladd et al., 1984), the geometry and crustal structure of the Caribbean slab has not 
been precisely defined.  Most studies have used earthquake location and tomography to 
describe the Caribbean slab, but the diffuse-shallow seismicity and the paucity of well-
located deep earthquakes, has made it difficult to do so in detail.  In contrast, the Nazca 
Plate has a more seismically active Benioff zone, with a well-defined N-S trend of volcanic 
activity.  Vargas and Mann, (2013) proposed the occurrence of an east-west trending slab 
tear (i.e. Caldas tear) at about 5°N, which separates the shallow (20°-30°) and non-volcanic 
subduction of the Caribbean slab in the north, from the steeper (30°-40°) and volcanic 
subduction of the Nazca slab in the south.  This tear would have occurred in response to the 
indentation of Panama Arc over the last 12 Ma, causing the eastward displacement of the 
intermediate and deep seismicity (Figure 2.4). 
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Figure 2.4.  Regional tectonic map of plate boundaries and earthquake hypocentres (coloured dots keyed to 
depth) in north-western South America (slightly modified from Bernal-Olaya, 2014).  Relocated hypocentres are 
recorded by the local seismic network of Colombia. South of 5˚N, the oceanic Nazca plate subducts eastward 
beneath South America at a convergence rate of 60mm/year (large yellow arrow) (Trenkamp et al., 2002).  Deeper 
earthquakes shown in blue are ~200 km east of the trench with a chain of arc-related Quaternary volcanoes 
developed above this typical subduction zone (large, black dots).  North of 5˚N, the Panama Arc block collides 
with the South American Plate at a rate of ~30mm/yr and the Caribbean Plate subducts beneath the north-
western margin of Colombia at a rate of ~20 mm/yr (Trenkamp et al., 2002).  Dashed white lines show the depth 
of the Caribbean slab below the Maracaibo Block and the Lower Magdalena Valley.  Vargas and Mann (2013) 
propose a slab tear (Caldas Tear Fault) that separates the abrupt change in the depth of Benioff zones near 5˚N 
and includes the disappearance of the volcanic arc in the area to the north (dashed line).  Scattered Cenozoic 
volcanic rocks occur in the northern area and are shown as pink dots.  Sediment thicknesses in the Caribbean and 
Pacific accretionary margins are show in km.  Key to abbreviations: PM: Panamá, LMV: Lower Magdalena Valley, 
SNSM: Sierra Nevada de Santa Marta, M: Mérida Andes, Cc: Central Cordillera, Ec: Eastern Cordillera, Wc: Western 
Cordillera. 
 
Other studies using earthquake location have proposed a variety of slab geometries dipping 
between less than 30° towards the E to S (Dewey, 1972; Pennington, 1981; Kellogg and 
Bonini, 1982; Malavé and Suarez, 1995; Taboada et al., 2000; Colmenares and Zoback, 2003; 
Corredor, 2003; Cortés and Angelier, 2005; Yarce et al., 2014).  Initial models using seismic 
tomography indicated a subduction of the Caribbean slab at 17° ±3° in a direction of 150° 
(Van der Hilst and Mann, 1994).  Taboada et al. (2000) highlighted the absence of the 
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Caribbean slab south of 5°N, proposing an E-W dextral shear zone and an overlap between 
the shallow paleo-Caribbean Plate and the steeper Nazca Plate.  A recent tomography model 
by Van Benthem et al. (2013), shows the occurrence of the Caribbean slab under the 
Maracaibo Block, with 900 km in length and an average dip of 40°.  Studies using seismic and 
well data in conjunction with gravity and magnetic modelling, have also supported a 
continuous subducted slab along the south-western Caribbean margin (Cerón et al., 2007; 
Mantilla-Pimiento et al., 2009; Sanchez-Rojas and Palma, 2014).  These models show very low 
dips at the trench and below the accretionary prism (i.e. <7°, Cerón et al., 2007; Mantilla-
Pimiento et al., 2009), increasing with depth up to 20° below the Merida Andes (Sanchez-
Rojas and Palma, 2014).  A recent study by Bernal-Olaya (2014), integrates the relocation of a 
large earthquake dataset in northern Colombia with tomography and gravity models.  
Results suggest a low subduction angle (8°) up to 450 km from the frontal trench, becoming 
steeper (35°) towards the east.  This dip change coincides with crustal thinning from 15-16 
km offshore to 7 km on the steeper part.  In contrast to Sanchez-Rojas and Palma (2014), 
Bernal-Olaya’s study showed a curvature of the subducted slab, changing the dip direction 
from 110° in the west to 125° in the northern sector.  This geometry was merged with 
subducting slabs from previous studies (e.g. Bezada et al., 2010; Van Benthem et al., 2013), 
and confirms an overall change from east-dipping in north-western Colombia to south-
dipping in north-eastern Venezuela (Figure 2.4).  This curvature respond to the continuous 
subduction of the Caribbean Plate against the curved shape of the north-western corner 
South American as suggested by Colmenares and Zoback (2003).  
 
2.2. South-western Caribbean margin 
In general, the tectonic setting of northern Colombia is explained by the interaction of three 
main lithospheric plates: the Nazca and Caribbean Plates of oceanic affinity, and the South 
American Plate of continental affinity.  The south-western Caribbean margin is a wide zone 
of ca. 600 km that involves the northern termination of the Andes (Pennington, 1981; Cortés 
and Angelier, 2005; Egbue and Kellogg, 2010).  Hence, the evolution of northern Colombia 
has been explained by a complex interaction of different tectonic terranes bounded by major 
strike-slip and thrust systems (e.g. Cediel et al., 2003) (Figure 2.5).   
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Figure 2.5.  Lithotectonic and morphostructural map of northern Colombia (simplified from Cediel et al., 2003, in 
Mantilla-Pimiento, 2007).  (GU-FA) Guajira-Falcon terrane  (SM) Santa Marta Massif, (CO) Carora Basin, (SP) 
Santander Massif-Perija Range, (SN) Sinu terrane, (SJ) San Jacinto terrane, (CA-VA) Cajamarca-Valdivia terrane, 
(SLB) San Lucas block, (PA) Panama terrane, (CG) Cañas Gordas terrane, (BAU) Baudo terrane, (RO) Romeral 
terrane, (Rm) Romeral mélange, (DAP) Dagua-Piñon terrane, (EC) Eastern Cordillera, (1) Guajira Basin, (2)Ranchería 
offshore and Chuchupa-Ballena Basins, (3) Falcon Basin, (4) Catatumbo/Maracaibo Basin, (5) Barinas Basin, (6) 
Cesar-Ranchería Basin, (7) Lower Magdalena Basin, (8) Middle Magdalena Basin, (9) Llanos Basin, (10) Upper 
Magdalena Basin, (11) Atrato (Choco) Basin.  Red dots indicate the location of Pliocene-Pleistocene volcanoes. 
 
The study area is located in the Bahia Basin (Duarte et al., 2009) at approximately 11°20’ 
latitude N and 74°33’ longitude W, in front of the city of Santa Marta, on the Colombian 
Caribbean coast.  This area is surrounded by three main tectonic terranes: the Caribbean 
terrane, which includes the South Caribbean Deformed Belt, Sinu and San Jacinto Fold Belts 
and the Magdalena Fan; the Lower Magdalena Valley Basin (i.e. Plato-San Jorge Basin); and 
the Maracaibo Block (i.e. Santa Marta Massif, Perija Range and Merida Andes).  These 
tectonic terranes are bounded by major fault systems with complex geological histories.  The 
main fault zones in this area are: the South Caribbean Deformation Front, the Romeral Fault, 
the Santa Marta-Bucaramanga Fault and the Oca Fault (Figure 2.5).   
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2.2.1. South Caribbean Deformed Belt (SCDB) 
The South Caribbean Deformed Belt (SCDB) is the accretionary prism formed offshore 
Colombia and Venezuela, along the convergent margin between the Caribbean and South 
American Plates (Ladd and Truchan, 1983; Ladd et al., 1984).  The accretionary prism is 
currently growing in response to the ESE-directed subduction of the Caribbean Plate at a 
rate of ~20 mm/yr (Pérez et al., 2001; Weber et al., 2001; Trenkamp et al., 2002; Veloza et al., 
2012; Symithe et al., 2015).  The sediments within the prism are interpreted as the 
offscrapping of sediments from the subducted crust, and the sediments deposited on top of 
the prism by prograding-deltaic systems coming from the continent (i.e. Magdalena, Sinu 
and Atrato rivers; Figure 2.6).  However, the anomalous high thickness of the Caribbean 
crust and the low angle of subduction, prevent the formation of a typical bathymetric trench 
in front of the wedge as occurred in other areas of oceanic plateau subduction (Mann and 
Taira, 2004; Kroehler et al., 2011).  The age of the SCDB is still a matter of debate, and may 
respond to regional and local deformation processes.  Regionally, Müller et al. (1999) 
propose a NW-SE convergence between North and South America since early Eocene times 
resulting in 200-400 km of shortening.  Locally, east-west plate convergence is attributed to 
the collision of the Panama Arc since middle to late Miocene times (Duque-Caro, 1979; 
Duque-Caro, 1990b; Coates et al., 2004; Montes et al., 2012; Montes et al., 2015).  This 
collision has also been interpreted as the main cause for the N-NE tectonic escape of the 
Northern Andes (Pennington, 1981; Mann and Burke, 1984; Van der Hilst and Mann, 1994; 
Trenkamp et al., 2002; Egbue and Kellogg, 2010), although some authors proposed a 
younger age (i.e. ca. 5 Ma; Audemard and Audemard, 2002; Audemard et al., 2005).   
 
Generally, the SCDB has been considered to be a continuous fold and thrust belt from the 
Panama Arch to northern Venezuela (Ladd and Truchan, 1983; Van der Hilst and Mann, 1994; 
Trenkamp et al., 2002).  However, there is a gap, at least in its near surface continuity, in the 
area of the Magdalena Fan, which is used by Escalona and Mann, (2011) to separate the Sinu 
and San Jacinto Belts to the SW from the South Caribbean Deformed Belt and Leeward 
Antilles to the NE (Figure 2.6).  These different areas are introduced below. 
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Figure 2.6.  Summary of main structural elements in the north-western corner of South America.  Letters in white indicate principal topographic features: SJFB= San Jacinto Fold 
Belt, GP= Guajira Peninsula, SMM= Santa Marta Massif, PR= Perija Range, WC= Western Cordillera, CC= Central Cordillera, EC= Eastern Cordillera, MR= Merida Andes.  Letters 
in black show the location of principal basins; offshore: BhB= Bahia Basin, NB= Nazareth Basin, JB= Jarara Basin, FB=Falcon Basin, BB= Bonaire Basin, CB= Cariaco Basin; 
onshore: P-SJB= Plato-San Jorge Basin, MB= Maracaibo Basin.  Letters in red indicate principal fault systems: SF= Sinu Fault, RF= Romeral Fault, SM-BF= Santa Marta-
Bucaramanga Fault, OF= Oca Fault, CF= Cuisa Fault, BF= Bocono Fault, PF= El Pilar Fault.  Letters in blue indicate rivers: Mr= Magdalena River, Sr= Sinu River, Ar= Atrato River.  
Black arrow= Caribbean plate vector (~20 mm/yr, Trenkamp et al., 2002).
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2.2.1.1. Sinu and San Jacinto Fold Belts 
The Sinu and San Jacinto Fold Belts are considered to be the Cenozoic accretionary prism 
formed by low-angle thrust imbricates in response to the long history of collision and 
subduction of the Caribbean Plate beneath north-western South American (Kellogg and 
Bonini, 1982; Kellogg and Toto, 1992; Taboada et al., 2000; Kellogg et al., 2005; Mantilla-
Pimiento, 2007) (Figure 2.7).   
 
The San Jacinto Fold Belt (SJFB) is a NNE-SSW trending imbricated thrust system with 
vergence to the WNW, and corresponds to the innermost of the accretionary wedges formed 
due to dextral-transpressional collision/accretion during late Cretaceous to Eocene (Ruiz et 
al., 2000) or Paleocene to Oligocene (Flinch, 2003; Flinch et al., 2003a) times.  It is formed by 
a range of sedimentary rocks including offscrapping oceanic basement rocks and late 
Cretaceous to Neogene sediments, which are intensely deformed by high-angle faults with 
reverse and right-lateral displacement.  The basement composition beneath the wedge is still 
ambiguous; while the traditional models involve oceanic crust (Flinch et al., 2003a), recent 
studies using gravity modelling suggest an attenuated continental crust (Cerón et al., 2007; 
Ceron-Abril, 2008) or a wedge of continental crust accreted during the initial stages of 
subduction (Mantilla-Pimiento, 2007; Mantilla-Pimiento et al., 2009) (Figure 2.7).  The 
Romeral Fault Zone forms the eastern boundary of the SJFB, which has been traditionally 
considered the main boundary between the South American continental crust and the 
oceanic crust of the Caribbean Plate (Case et al., 1971; Kerr et al., 1998; Kennan and Pindell, 
2009).   
 
The Sinu Fold Belt (SFB) (also termed “Outer Accretionary Wedge” by Flinch et al., 2003a; 
Figure 2.7) has been interpreted as the result of the latest accretionary stage related to the 
Andean Orogeny, which occurred during late Miocene to Recent times (Duque-Caro, 1979; 
Ruiz et al., 2000; Aguilera, 2011).  It is composed of west-verging imbricate thrusts forming 
tight anticlines with the development of typical piggy-back basins filled with a thick 
sequence of Plio-Pleistocene syntectonic sediments (Ruiz et al., 2000; Corredor et al., 2003; 
Bernal-Olaya, 2014).  The main detachment is interpreted on a sequence of high-pressured 
shales of Oligocene age which are also the source of the extensive mud volcanism observed 
along the Colombian coast (Figure 2.8) (Shepard et al., 1968; Duque-Caro, 1979; Duque-
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Caro, 1984; Vernette, 1989; Vernette et al., 1992; Ordóñez et al., 2007).  The boundary 
between the SFB and SJFB is the Sinu Fault (i.e. Sinu Lineament by Duque-Caro, 1979).  This 
fault zone is well-defined in the south by the course of the Sinu River, and towards the north 
follows the trend of the Villanueva-El Totumo Fault mapped by Guzmán et al. (2004), which 
seems to extend offshore in the area of Galerazamba (Figure 2.6). 
 
2.2.1.2. The Magdalena Fan gap 
The northward extension of the Sinu and San Jacinto Fold Belts has been a matter of debate 
and two hypotheses have been proposed to explain the gap along the trend of the SCDB 
and its relationship with the Magdalena Fan.  The first hypothesis presented by Breen (1989) 
used the accretionary wedge theory from Davis et al. (1983) to propose that the deposition 
of Magdalena Fan creates a gentler dip on the top slope of the wedge and inhibits the 
deformation at the basal detachment.  Then, the shortening is accommodated inboard in the 
form of uplift of the Santa Marta Massif.  This explanation is supported by some authors (e.g. 
Flinch et al., 2003b) who suggest that the high sedimentation rates of the Paleo-Magdalena 
River blanketed the deformation.  The second hypothesis involves the transpressional 
deformation observed in the north-western corner of South America (Duque-Caro, 1979; 
Vernette et al., 1992; Ruiz et al., 2000; Cediel et al., 2003; Martinez et al., 2015).  These 
authors propose that the accretionary wedge terminates at the northern end of the Sinu Fold 
Belt at the Canoas Fault.  This fault acts as a right-lateral transfer zone that offsets the thrust 
belt to the east and creates the space which is filled by the Magdalena Fan (Ruiz et al., 2000).  
This model is supported by new observations made on the Magdalena Fan from 3D seismic 
reflection data that support the absence of accretionary-wedge related deformation at the 
base of the thick sequence of the Magdalena Fan (Martinez et al., 2012; Martinez et al., 
2015).  However, surface geological mapping (Reyes et al., 2001; Guzmán, 2003; Guzmán et 
al., 2004) and seismic interpretation (Flinch et al., 2003a; Martinez et al., 2015) do not confirm 
the occurrence of the NW-SE trending Canoas Fault as suggested by Ruiz et al. (2000).  
Alternatively, Martinez et al. (2015) proposed a right-lateral transfer zone made up of several 
E-W trending strike-slip faults, which is also supported by the distribution of mud volcanoes 
in the area of Cartagena (Ordóñez, 2008).  Nevertheless, although right-lateral transfer zones 
seem to support the overall transpression along the Colombian Caribbean margin, these 
models do not explain how this deformation is transferred to the east. 
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Figure 2.7 (caption next page) 
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Figure 2.7 (previous page).  Cross section showing the most accepted models of subduction and accretion of the 
Sinu-San Jacinto fold belts.  In both models, the Plato-San Jorge Basin is located at the rear of the accretionary 
prism.  A) Model by Flinch at al. (2003a) shows the formation of two accretionary prisms, an inner and older 
(Paleogene) San Jacinto accretionary prism, and an outer and younger (Neogene) Sinu accretionary prism. This 
model supports the occurrence of the Romeral Fault as the main boundary between continental (eastward) and 
oceanic crust (westward), and suggests that the San Jacinto Fold Belt (SJFB) is an oceanic terrane accreted to the 
continent.  Instead, model by Mantilla-Pimiento (2007) (B) shows that the root of the SJFB is a wedge of 
continental crust that forms the backstop for the formation of accretionary prisms in front.  Here the occurrence 
of oceanic-affinity rocks within the SJFB correspond to offscrapped material of the subducting slab.  Then, the 
Romeral Fault is no longer a suture zone as observed in western Colombia, and Mantilla-Pimiento et al. (2009) 
propose the San Jacinto Fault as an intra-continental, right-lateral strike-slip fault (C).     
 
 
 
 
 
Figure 2.8.  Tectonic map of north-western Colombia from Vernette et al. (1992).  This shows the occurrence of 
mud volcanism (diapirs) in a NNE-SSW trend along the Colombia Caribbean margin.  Strike-slip faults respond to 
the eastward movement of the Caribbean Plate.  The E-W trending Canoas Fault is the northern termination of 
the Sinu accretionary prism, which forms a gap of deformation and volcanism in the Galerazamba area.  Folding 
and mud volcanism continues in the Barranquilla area.    
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The initial sedimentation of the Magdalena Fan in its current position has been interpreted 
as middle Miocene in age (Duque-Caro, 1979; Kolla et al., 1984; Kolla and Buffler, 1984).  This 
started as deep marine, frontal-turbidite fans and developed into middle slope feeder 
systems in late Miocene to Pliocene times (Martinez et al., 2012; Martinez et al., 2015).  
During the Pleistocene, sedimentation was dominated by upper slope channel-levee and 
mass-transport complexes and shallow marine platform deposits (Ortiz-Karpf et al., 2015).  
The mouth of the Magdalena River is interpreted to have migrated from different positions 
between the cities of Cartagena and Santa Marta during Plio-Pleistocene times, which can be 
correlated with the Andean Orogeny and active uplift in the Sinu and San Jacinto Fold Belts 
(Duque-Caro, 1979; Molinares et al., 2012).  A recent study by Romero (2009) used high-
quality bathymetry data and 2D seismic data, to identify seven major channel-levee 
complexes related with eight phases of migration of the river’s mouth.  Furthermore, 
bathymetry data shows the occurrence of a main escarpment in the shelf area, parallel to the 
shoreline, along which the mouth of the river has migrated.  This escarpment is up to 50 m in 
height, and is interpreted here as the Galerazamba Fault (Figure 2.9). 
 
2.2.1.3. Northern SCDB 
On the north-eastern side of the Magdalena Fan, bathymetry data shows the northern 
continuation of the SCDB (Figs 2.6 and 2.9).  The accretionary prism appears about 50 km 
north from the shoreline in front of the Galerazamba area; the strike of the fold and thrust 
belt is initially N-S, and then changes to NE-SW.  The trend remains constant as it separates 
from the shoreline, opening a wide fore-arc area of ca. 100 km in front of the Guajira 
Peninsula.  There are few studies about the SCDB along this trend, as most studies are 
focused on the fore-arc basins and the shelf area (e.g. Gomez, 2001; Escalante, 2006; Vence, 
2008), and only a few 2D seismic lines image the accretionary prism (Figure 2.10).  Ramirez 
(2007) interpreted the line C1422, which is tied to the DSDP well site 153 (Edgar et al., 1973b; 
Moore and Fahlquist, 1976), and images the shallow subduction of the Caribbean slab 
beneath the SCDB (Figure 2.10B). 
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Figure 2.9.  Interpretation of the Galerazamba Fault 
from detailed shallow bathymetry data in the shelf 
area between Cartagena y Barranquilla.  A) Regional 
bathymetry showing slope variations.  B) Zoom in 
the Galerazamba area shows the start of the 
northern segment of the SCDB immediately to the 
east of the Magdalena Fan major depositional area.  
Letters highlight the occurrence of mass transport 
complexes.  C)  Detailed slope attribute on shallow 
bathymetry data clearly shows the escarpment 
interpreted as the Galerazamba Fault.  NE-SW 
trending jetties (black arrow) are oblique to the 
trend of the escarpment, which ruled out the 
formation of the escarpment purely by erosional 
processes (from Romero, 2009). 
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Figure 2.10.  2D seismic lines across the SCDB in the area in front of the Guajira Peninsula (for location see Fig. 2.6).  A) NW-SE line C130 from Ladd and Trunchan (1983).          
B) NNE-SSW line C1422 tied to DSDP well 153 in the Caribbean Basin (reaching oceanic crust) and gas-field wells in the shelf area (slightly modified from Ramirez, 2007).
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2.2.2. Plato-San Jorge Basin 
The Plato-San Jorge Basin (also called Lower Magdalena Valley Basin, e.g. Arminio et al., 
2011; Mata, 2014) lies to the south of the study area between the Romeral Fault to the west 
and the Santa Marta-Bucaramanga Fault to the east (Figure 2.11).  This basin is filled by a 
thick (2-8 km) sequence of paralic and marine sediments of late Eocene to Holocene age, 
and is compartmentalised by deep-rooted normal faults that affect the basement and 
sediments as young as late Miocene (Duque-Caro, 1979; Cediel et al., 2003; Flinch, 2003; 
Montes et al., 2010).  Inversion structures due to the reactivation of these faults during the 
Andean Orogeny have been observed close to the boundaries of the basin, specially 
associated with the Romeral Fault Zone, exposing strata as old as Miocene (Figure 2.7) 
(Flinch, 2003; Montes et al., 2010).   
 
Many studies have tried to explain the evolution of the Plato-San Jorge Basin, and especially 
the relation between the occurrence of basement highs and the formation of 
compartmentalised depocentres.  Recent studies by Bernal-Olaya (2014) and Mata (2014) 
summarised the different hypothesis presented until now.  In general, models can be 
categorised in four groups:  (1) A passive margin model that rejects the long-lasting 
subduction process along the South Caribbean margin, and suggest the formation of NW 
verging thrusts as a result of gravitational gliding (Rossello and Cossey, 2012).  However, 
although gravitational structures may occur, these are not diagnostic of passive margins (c.f. 
Morley et al., 2011).  Then model (1) can be ruled out given the abundant evidence for 
subduction of the Caribbean Plate beneath the north-western South America.  (2) Models of 
tectonic collapse of the Central Cordillera, involving strike-slip deformation between the 
Romeral and Santa Marta-Bucaramanga Fault Zones (Villamil, 1999; Arminio et al., 2011).  (3) 
Models of forearc basin formation under a shallow subduction setting scenario (Mantilla-
Pimiento et al., 2009; Bernal-Olaya, 2014; e.g. Figure 2.7).  (4) Models of clockwise vertical-
axis block rotation and opening of transrotational basins in response to the regional right-
lateral deformation in north-western South America (Reyes et al., 2000; Reyes-Harker et al., 
2000; Hernandez et al., 2003; Guzmán, 2007) (Figure 2.12).  These models involve the 
rotation of the Santa Marta Massif since late Eocene times, which is also supported by the 
simultaneous uplift observed in the Perija Range (Montes et al., 2010). 
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Figure 2.11.  Bouguer gravity 
map of northern Colombia 
showing the location of main 
depocentres, and the 
interpretation of main faults (in 
white).  Bouguer-gravimetry 
data from Graterol and Vargas 
(2010).
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Figure 2.12. Models of strike-slip deformation and vertical-axis 
block rotation to explain the opening of depocentres in the Plato-
San Jorge Basin.  A) Clockwise rotation of isolated blocks by Reyes-
Harker et al. (2000) and Reyes et al. (2000).  B) Guzmán (2007) 
suggests the origin of the Plato Basin as a transtensional basin 
between the Romeral and Santa Marta-Bucaramanga Faults.  C) 23° 
of Santa Marta Massif clockwise rotation since late Eocene times by 
Montes et al. (2010), support the opening of depocentres in the 
east and shortening in the Perija Range to the west; S= stretching 
value for the Plato-San Jorge Basin, 50 km of shortening and 75 km 
of right-lateral displacement along the Oca Fault.
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In summary, these models (except for the passive margin model) present different 
alternatives that are not mutually exclusive, i.e. transtensional settings can occur in forearc 
areas of shallow subduction, and can explain the occurrence of radial extension observed in 
the Plato-San Jorge Basin (Figs 2.11 and 2.12). 
 
2.2.3. Maracaibo Block 
The Maracaibo Block has been interpreted as an isolated tectonic block, separated from the 
Northern Andes terrane and the Guyana Shield (South American Plate) (Mann and Burke, 
1984; Cediel et al., 2003; Pindell and Kennan, 2009).  This triangular block is bounded by the 
NE-SW trending Bocono Fault in the SE, the NW-SE trending Santa Marta-Bucaramanga 
Fault in the SW, and the Oca Fault in the north (Figs 2.1 and 2.6).  Several studies propose the 
north-eastward tectonic escape of the Maracaibo Block in response to the collision of the 
Panama Arc in western Colombia (Mann and Burke, 1984; Pindell et al., 1998; Taboada et al., 
2000; Audemard and Audemard, 2002; Audemard et al., 2005; Pindell and Kennan, 2009).  
This tectonic escape is mainly occurring along the right-lateral Bocono Fault (Merida Andes) 
at a rate of 9-12 mm/yr (Pérez et al., 2001; Trenkamp et al., 2002; Symithe et al., 2015).  
Pindell and Kennan (2009) suggest an accelerated tectonic escape of the Maracaibo Block 
during the last 10 Ma, although it might have started in late Oligocene to early Miocene 
times (Mauffret and Leroy, 1997; Pindell et al., 1998; Müller et al., 1999).  However, models by 
Audemard and Audemard (2002), Audemard et al. (2005) and Audemard (2009) constrained 
the NE tectonic escape of the Maracaibo Block to the last 5 Ma, which is supported by field 
studies (Backé et al., 2006) and the presence of Quaternary pull-apart basins along the 
Bocono Fault (Schubert, 1980; Schubert, 1984).  The movement of the Maracaibo Block in the 
north-western corner of South America has been recorded by the uplift of the main 
mountain ranges in the northernmost section of the Andes: NE-SW trending Merida Andes 
and Perija Range (Kellogg, 1984; De Toni and Kellogg, 1993; Roure et al., 1997; Duerto et al., 
2006), and the Santa Marta Massif in the north-western corner of the block (Villagómez et al., 
2011b).  Furthermore, the tectonic escape of the Maracaibo Block has been proposed to be 
the main cause for the recent formation of the SCDB, expressed in the arcuate trend of the 
southern margin of the Caribbean Plate (Kellogg, 1984; Mann and Burke, 1984; Pindell et al., 
1988; Pindell et al., 1998; Kroehler et al., 2011). 
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2.2.3.1. Santa Marta Massif (SMM) 
The Santa Marta Massif (SMM) is limited by the left-lateral Santa Marta-Bucaramanga Fault 
to the west and the right-lateral Oca Fault to the north (Figs 2.1, 2.6 and 2.11), and it forms 
the highest coastal relief in the world (5775 m above sea level, Cardona and Ojeda, 2010).  
The uplift of the SMM has been interpreted as the result of a complex interaction between 
large-lateral displacements related to the subduction of the Caribbean Plate and the relative 
northward escape of the Maracaibo Block, which may have started in late Oligocene to early 
Miocene times (e.g. Pindell et al., 1998).   
 
Detailed geological mapping (Tschanz et al., 1969; Tschanz et al., 1974; Colmenares et al., 
2007) divided the massif into three lithological provinces bounded by NW verging thrusts.  In 
the SE, the Sierra Nevada Province constitutes the largest portion of the massif (including the 
highest elevations) and is composed of Proterozoic granulites intruded by undeformed 
Jurassic granites.  This province overthrust the Sevilla Province to the NW, which is 
compound of Paleozoic metamorphic rocks intruded by Permian and late Triassic granites.  
These two provinces are separated by a NW verging thrust called the Sevilla Lineament.  In 
the north-western corner, separated by the Aguja Fault, the Sevilla Province overthrust the 
Santa Marta Province.  This province is made of upper Cretaceous low-grade metamorphic 
rocks intruded by early Paleogene granites (i.e. Santa Martha Batholith), which are explained 
as the evidence for the initial collision of the Caribbean plateau and intra-oceanic arc and the 
onset of the Caribbean subduction beneath South America (Cardona et al., 2010; Cardona et 
al., 2011).  Recent thermochronological studies on the SMM (Villagómez et al., 2011b) show 
that the Sierra Nevada Province was exhumed during 65-40 Ma and 40-25 Ma, areas next to 
the Sevilla Lineament exhumed during 29-26 Ma, and the Santa Marta Province exhumed 
during 30-25 Ma and 25-16 Ma.  This, together with the mapping of NW verging thrusts 
(Colmenares et al., 2007) suggest a diachronous trend of exhumation towards the NW. 
 
Furthermore, recent studies on the basement structure and composition of the Northern 
Andes (Ceron-Abril, 2008; Cardona et al., 2010; Montes et al., 2010; Bayona et al., 2011; 
Bayona et al., 2012a) suggest a genetic relationship of the basement of the Plato-San Jorge 
Basin with those of the Central Cordillera and the Santa Marta Massif.  This, together with 
paleomagnetic data (Bayona et al., 2010), support the models of clockwise rotation (23º to 
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30º) in response to a simultaneous shortening in the Perija Range and the opening of the 
Plato-San Jorge Basin since late Eocene times (Figure 2.12) (Montes et al., 2010). 
 
2.2.3.2. Oca and Santa Marta-Bucaramanga Fault Systems 
The E-W trending Oca Fault separates the Santa Marta Massif to the south from the Guajira 
Peninsula in the north (Figure 2.6).  This right-lateral fault is part of the Oca- Ancón Fault 
System that extends ca. 650 km eastward from northern Colombia to western Venezuela; 
further east, it converges with Bocono-San Sebastian-El Pilar Fault System, forming the main 
southern boundary of the Caribbean Plate (Audemard, 1996).  The estimation of the 
displacement along the Oca Fault has been a matter of debate and values between 65 and 
125 km are the most accepted in the literature (i.e. 65 km, Tschanz et al., 1974; 90 km, 
Kellogg, 1984; 75-100 km, Montes et al., 2010; 65-125 km, Pindell et al., 1998).  However, the 
best approximation is the distance between the Guajira Peninsula shoreline and the north-
western tip of the SMM, which is about 100 km.  Regarding the age of the fault, most 
authors postulate that most of the displacement had occurred since the Oligocene (Kellogg, 
1984; Pindell et al., 1998), although rotation models of Montes et al. (2010) suggest a start in 
late Eocene times.  Currently, neotectonic studies by Audemard (1996) demonstrate a 
Quaternary displacement at ca. 2 mm/yr. 
 
The NNW-SSE trending Santa Marta-Bucaramanga Fault has a length of ca. 550 km from the 
Eastern Cordillera to the city of Santa Marta in the Caribbean coast (Figure 2.6).  The left-
lateral displacement of the fault has been estimated by different authors mainly by field 
observations, and ranges between 40 and 130 km, although 110 km is the most accepted 
value (i.e. 40-45 km, Montes et al., 2010; 45 km, Toro, 1990; 110 km, Campbell, 1965; Tschanz 
et al., 1974; Irving, 1975; Pindell et al., 1988; Pindell et al., 1998).  As the western boundary of 
the Maracaibo Block, several authors have proposed a Miocene age for the initiation of the 
displacement (Pindell et al., 1988; Pindell et al., 1998).  However, apatite fission track and 
provenance analysis in the Santander Massif (i.e. Bucaramanga segment) suggest activity 
since early Paleogene times (Duddy et al., 2009; Ayala et al., 2012).  Currently, GPS studies 
support a rate of 6 mm/yr for the Santa Marta-Bucaramanga Fault consistent with the 
tectonic escape of the Maracaibo Block (Trenkamp et al., 2002), although recent 
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paleomagnetic studies along the Bucaramanga segment suggest a current rate of 
displacement at ca. 3 mm/yr (Jiménez et al., 2015). 
 
2.2.4. The Bahia Basin 
The Bahia Basin is located just offshore of the Santa Marta and Oca faults (Figs 2.6 and 2.11) 
and it has hardly been studied.  Hernández and Guerrero (2006) briefly describe the possible 
continuation of the Santa Marta-Bucaramanga Fault and the Romeral Fault into the Bahia 
Basin, suggesting a transpressive setting where oceanic and continental crusts collide, and 
supporting the development of different depocentres since the Eocene.  Duarte et al. (2006) 
present a chrono-stratigraphic scheme for the northern Colombian-Caribbean basin 
(between the Magdalena Fan and the Guajira Peninsula) subdivided to 6 sequences spanning 
the Cretaceous to Present (Figure 2.13).   The thickest sedimentary sequence is described 
from the Bahia Basin, which is affected by both extension and contraction attributed to a 
continuation of the Romeral Fault Zone (Duarte et al., 2009).  A recent study by Restrepo-
Correa and Ojeda, (2010) looked at the formation of a large submarine canyon sourced from 
the Santa Marta Massif whose path may be related to the offshore termination of the active 
Oca Fault. 
 
In summary, the Bahia Basin (Figs 2.6 and 2.11) is located in the north-western corner of the 
South American Plate, within the South Caribbean Deformed Belt, and at the termination of 
major-regional strike slip faults which bound structural blocks with different characteristics.  
This is a unique location in which to observe and understand the complex evolution of 
transpressional structures in a geological setting of subduction and transpression between 
the Caribbean and South American Plates. 
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Figure 2.13.  Chrono-stratigraphic setting for the northern Caribbean-Colombian basins.  There are six stratigraphic sequences (I, II, III, IV, V, VI) from late Cretaceous to Recent.  
The sequences boundaries are identified by the absence of some foraminifer zones (from Duarte et al., 2006). 
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CHAPTER 3 
Data and methodology 
 
 
Data available for this study was provided by the Colombian national oil company Ecopetrol 
S. A., and Petrobras Colombia.  Data include regional topography and bathymetry, 2D-3D 
seismic reflection data sets and well data. 
 
3.1. Bathymetry data 
Topography and bathymetry data is the result of a regional merge including satellite 
acquisition and high-resolution multibeam bathymetry (Cerón, 2003).  The area of interest is 
a rectangle of 370 km E-W and 270 km N-S, to cover an area of ca. 100,000 km2 (Figure 3.1).  
The area includes the western side of the Santa Marta Massif and the northern termination of 
the San Jacinto Fold Belt onshore, between the coastal cities of Santa Marta and Cartagena, 
and the Santa Marta Bay, the Magdalena Fan, and the northern part of the Sinu Fold Belt 
offshore (Figure 3.2 and Figure 3.3).  Satellite data was acquired by missions GEOSAT and 
ERS-1, and displays a resolution of 2 km x 2 km.  High-resolution bathymetry (i.e. up to 50 m 
per pixel) was acquired by three different surveys:  The first one by the Spanish research 
vessel BIO-Hesperides in 1997, with the multibeam echosounder Simrad EM-12, covering an 
approximate area of 32,500 km2 in the northern side of the Magdalena Fan, in front of the 
SCDB (Ercilla et al., 2002a; Ercilla et al., 2002b).  Other two surveys were taken by Thales 
Geosolutions for Ecopetrol and Total E&P in 2002.  They used the hull-mounted multibeam 
echosounder Reson SeaBat 8160 (50 KHz) for water depths less than 3,000 m and an area 
coverage of 14,700 km2, and the Simrad EM 12D (13 kHz) for water depths up to 11,000 m 
and an area of 11,400 km2 (Cerón, 2003).   
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Figure 3.1.  Study area and principal structural features in the north-western corner of South America.  The Bahia 
Basin (BhB) is located at the rear of the South Caribbean Deformed Belt, on the eastern side of the Magdalena 
Fan and offshore the north-western corner of the Santa Marta Massif (SMM).  Purple box shows the location of 
regional topographic and bathymetric data used in this study.  In black: NB= Nazareth Basin, JB= Jarara Basin, 
FB=Falcon Basin, P-SJB= Plato-San Jorge Basin, MB= Maracaibo Basin.  In white: SJFB= San Jacinto Fold Belt, GP= 
Guajira Peninsula, PR= Perija Range, WC= Western Cordillera, CC= Central Cordillera, EC= Eastern Cordillera, 
MR= Merida Andes.  In red: SF= Sinu Fault, RF= Romeral Fault, SM-BF= Santa Marta-Bucaramanga Fault, OF= 
Oca Fault, CF= Cuisa Fault, BF= Bocono Fault.  Black arrow= Caribbean plate vector (~20 mm/yr, Trenkamp et al., 
2002).   
 
 
 
Interpretation of bathymetry data was performed using ArcGIS and Surfer software.  3D DEM 
(Digital Elevation Modelling) and slope attributes on map view were used to facilitate the 
interpretation.  Data show the formation of channel levee complexes, mass transport 
complexes and other architectural elements of the Magdalena Fan, which are discussed in 
previous studies (Ercilla et al., 2002a; Ercilla et al., 2002b; Estrada et al., 2005; Romero, 2009; 
Cadena and Slatt, 2013).  In this study, the interpretation was focused on the eastern side of 
the Magdalena Fan, where data is used to characterise the distribution of mud volcanoes and 
define the trend of folds within the South Caribbean Deformed Belt.   
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Figure 3.2.  Regional topography and bathymetry data used in this study.  Data merged by Cerón (2003).  
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3.2. 2D seismic reflection data 
2D seismic reflection lines used in this study are part of the extensive 2D seismic coverage of 
the Colombian Caribbean.  Ecopetrol S. A. provided the lines crossing the area of the Santa 
Marta Bay (Bahia), which include data from six surveys acquired between 1975 and 1999.  
The data consist of 53 lines that collectively extend ~3000 km in length and cover an 
approximate area of 18,000 km2 (Figure 3.3).  All lines are in time (TWT) and present variable 
record lengths, all ranging between 7 and 10 seconds and sample rate of 4 ms.  Frequency 
content range between 20 and 60 Hz.  Acquisition parameters are industry standard, with 
near zero phase and SEG normal polarity.  
 
Seismic interpretation of the 2D seismic reflection data was performed with Landmark’s 
Openworks and Decision Space software.  The image quality is good to fair in the shallowest 
section (c.a. 0-4 s TWT), and decreases considerably with depth.  In addition, the presence of 
BSR’s (Bottom Simulator Reflectors), seismic multiples, gas chimneys, and pervasive mud 
volcanism hinder the interpretation in places.  However, the grid of data displays numerous 
line intersections that allow good cross-correlation as demonstrated by previous studies 
(Duarte et al., 2006; Cadena, 2012).  Furthermore, intersection of 2D lines with the 3D seismic 
survey demonstrates good quality to facilitate the interpretation of principal fault zones and 
the identification of different structural styles, although is not good enough to define 
detailed basinal geometries (Figure 3.4). 
 
3.3. 3D seismic data 
Ecopetrol S. A. provided the 3D seismic volume Bahia-3D, acquired in 2003.  The pre-stack, 
time migrated (PSTM) seismic volume covers an approximate area of 1400 km².  It consists of 
1196 lines (NE-SW) at a spacing of 25 m, and 4056 traces (SE-NW) at a spacing of 12.5 m.  In 
depth (Z axis), the volume has a record length of 7 seconds TWT (ca. 8 km), with a sample 
rate of 4 ms.  The seismic volume has an average frequency content of 30 Hz which gives a 
maximum horizontal resolution of ca. 25 m and a vertical resolution of ca. 20 m.  
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Figure 3.3.  Regional topography and bathymetry map showing the location of wells (labelled a – e) and 2D-3D seismic data used in this study.   
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Figure 3.4.  Comparison of 
seismic imaging using 2D and 
3D data.  2D seismic data is 
used to interpret principal fault 
zones and define regional 
structural styles.  3D seismic 
data gives higher resolution 
and allows the detailed 
interpretation of fault zones 
and the geometry of 
depocentres.  
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Detailed seismic interpretation of the 3D seismic reflection data was performed in 
Landmark’s Geoprobe, Openworks and Decision Space software.  The image quality is good 
to very good particularly in the shallowest section (c.a. 0-4 s TWT).  However, the active and 
extensive mud volcanism and the highly complex structural setting hinder the interpretation, 
especially in the deeper pre-Oligocene section.  Multiple unconformities were identified in 
the data, and the more regionally continuous were picked as chronostratigraphically 
significant surfaces.  These surfaces were interpreted based on geometric relationships, 
truncated reflections, and contrasts between seismic facies.  The upper Miocene to lower 
Pliocene unconformity (UMLPU) is the most prominent surface across the survey and serves 
as a reference for correlations to other surfaces.  Time-structure maps of seismic surfaces 
and time-thickness maps (i.e. isochron maps) of seismic units between the unconformities 
were calculated to reveal structural and depositional trends.  Furthermore, a variety of 
seismic attributes (e.g. similarity, coherency, spectral decomposition, edge-detect) was used 
to facilitate the interpretation of faults, channels and mud volcanoes.  
 
3.4. Well data 
Data from five wells located in the study area were provided by Ecopetrol S. A. (Figure 3.3 
and Figure 3.5).  Data includes drilling reports, logs, time-depth tables, synthetic 
seismograms and biostratigraphic studies.  Four wells were drilled close to the shoreline: the 
Salamanca-1 well (“e”) was drilled in 1950 in the Salamanca barrier island, and the San 
Diego-1 (“d”), Cienaga-1 (“c”) and Barranquilla-1 (“b”) wells were drilled between 1979 and 
1981 in shallow waters.  Recently (2007), the Araza-1 well (“a”) was drilled in deep water (535 
m) within the area of the 3D seismic volume.   
 
Well data were used to constrain the age of main unconformities observed in seismic data 
and define a chronostratigraphic framework.  However, the data presented in well reports, 
and internal and published biostratigraphic studies, do not agree on the detailed 
chronostratigraphy of the wells.  This may arise from different reasons, such as the use of 
different biostratigraphic techniques (e.g. planktonic foraminifers or calcareous nannofossils 
biozonations), and the presence of long-drilled sections with poor or no biostratigraphic 
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content.  In addition, the restricted well coverage increases the uncertainty of the age of 
sediments within local depocentres.  Then, there is not enough biostratigraphic resolution to 
date specific seismic events.  Nevertheless, the integration of results from regional studies 
(Duque-Caro, 2001; Cuartas et al., 2006; Rincón et al., 2007) and the results from the Araza-1 
well, allow the dating of main unconformable events within the study area and the definition 
of the chronostratigraphic framework for seismic interpretation.  
 
 
 
 
Figure 3.5.  Summary of well data and previous interpretations in the Bahia Basin. 
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CHAPTER 4 
Structural styles in the Bahia Basin and 
the South Caribbean Deformed Belt 
 
 
4.1. Introduction 
The South Caribbean Deformed Belt (SCDB), a deepwater fold and thrust belt, is located on 
the southern margin of the Caribbean Plate offshore Colombia and NW Venezuela, and it is 
considered to be a Neogene accretionary prism which has formed due to the collision and 
subduction of the Caribbean Plate beneath the South American Plate (Figure 4.1) (e.g. 
Pennington, 1981; Ladd et al., 1984; Pindell and Barret, 1990; Pindell and Kennan, 2009; 
Escalona and Mann, 2011).  This plate margin is characterised by oblique collision (e.g. 
Weber et al., 2001; Trenkamp et al., 2002; Pindell and Kennan, 2009; Escalona and Mann, 
2011), a low angle of subduction of the Caribbean Plate beneath South America (~5°, 
Mantilla-Pimiento et al., 2009; ~4-8°, Bernal-Olaya, 2014; ~17°, van der Hilst and Mann, 1994; 
~20-30°, Ojeda and Havskov, 2001; ~40°, Van Benthem et al., 2013), very low shallow 
seismicity (e.g. Ojeda and Havskov, 2001; Van Benthem et al., 2013; Vargas and Mann, 2013), 
and the absence of a bathymetric trench (Mann and Taira, 2004; Kroehler et al., 2011) and 
magmatic activity since middle Eocene times (ca. 45 Ma; Bayona et al., 2011; Bayona et al., 
2012a; Vargas and Mann, 2013; Cardona et al., 2014).   
 
In Venezuela, many studies stimulated by the long history of exploration and production of 
hydrocarbons have focused on the understanding of the evolution of the SCDB and the 
inboard fore-arc and back-arc basins.  These studies have identified a complex history of 
subduction and strain partitioning along this margin as a result of an eastern movement of 
the Caribbean Plate in relation to northern South America (Figure 4.1, e.g. Macellari, 1995; 
Avé Lallemant, 1997; Gorney et al., 2007; Pindell and Kennan, 2009; Kroehler et al., 2011; 
Mann and Escalona, 2011; Van Benthem et al., 2013). 
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Figure 4.1.  The Bahia Basin is located in the north-western corner of South America, in the offshore area within the Magdalena Fan and the South Caribbean Deformed Belt, in 
front of the Santa Marta Massif.  Letters in red refer to the main strike-slip faults systems:  RF (Romeral Fault), SM-BF (Santa Marta-Bucaramanga Fault), OF (Oca Fault), CF (Cuisa 
Fault), PF (El Pilar Fault), BF (Bocono Fault).  Letters in black refer to main basins in the area: BhB (Bahia Basin – this study), P-SJB (Plato-San Jorge Basin), MB (Maracaibo Basin), 
NB (Nazareth Basin), JB (Jarara Basin), FB (Falcon Basin), BB (Bonaire Basin), CB (Cariaco Basin).  Letters in white refer to onshore mountain belts: SJFB (San Jacinto Fold Belt), 
SMM (Santa Marta Massif), PR (Perija Range), WC (Western Cordillera), CC (Central Cordillera), EC (Eastern Cordillera), MR (Merida Range).  Black arrow= Caribbean plate vector 
(~20 mm/yr, Trenkamp et al., 2002).  Lines in purple show the location of regional 2D seismic sections shown in Figure 4.2.  Purple box show the location of Figure 4.3.  
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Offshore Colombia the SCDB trends NE-SW and its continuity is interrupted by the presence 
of the large Magdalena Fan.  Relatively few studies have been published on the Colombian 
part of the SCDB, possibly because of the scarcity of large-proven hydrocarbon reserves.  
South of the fan, several studies have focused on the SCDB, known in this area as the Sinu 
Fold Belt (Figure 4.2A, e.g. Duque-Caro, 1979; Duque-Caro, 1984; Ruiz et al., 2000; Flinch, 
2003; Kellogg et al., 2005; Escalona and Mann, 2011).  North of the Magdalena Fan, studies 
have focused on the seismic stratigraphy and petroleum systems of the basins offshore the 
Guajira Peninsula (e.g. Jarará and Nazareth basins, Duarte et al., 2006; Duarte et al., 2009; 
Tayrona depression, Escalante, 2006; Alta and Baja Guajira, Ramirez, 2006; Chimare and 
Ranchería basins, Vence, 2008) mainly because of the presence of the only large 
hydrocarbon accumulations in the Colombian Caribbean (i.e. Chuchupa and Ballenas giant 
gas fields – Katz and Williams, 2003; Rangel et al., 2003).  These basins are located behind 
the SCDB and have been broadly described as pull-apart basins (e.g. Gomez, 2001; 
Reistroffer et al., 2006).  Seismic data published by Reistroffer et al.  (2006) and Ramirez 
(2007) show the location of the pull-apart basins, the accretionary prism and the oceanic 
crust dipping beneath the outer part of the SCDB (Figure 4.2B, C, D); Gomez (2001) 
attributes the formation of some sub-basins within the Nazareth basin to the right-lateral 
displacement of the Cuisa Fault, but in general the formation of these basins in the context 
of how they relate to the deformation within the SCDB has not been studied. 
 
This thesis focuses on the area immediately to the SW of the Nazareth basin, and includes 
the deepwater fold and thrust belt of the SCDB and its termination on the north-eastern side 
of the Magdalena Fan, and the inboard shelfal area.  In a similar manner to the Guajira area, 
previous studies from Ruiz et al. (2000) and Duarte et al. (2009) have identified deep basins 
in the shelfal area behind the thrusts of the SCDB, which these authors interpret as being 
either transtensional or transpressional basins.  The main basin in the area, the Bahia Basin, is 
located in front of the north-western corner of the Santa Marta Massif, at the termination of 
the right-lateral Oca Fault and the left-lateral Santa Marta-Bucaramanga Fault (Figure 4.3). 
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Figure 4.2.  Regional 2D seismic lines presented by previous authors crossing the South Caribbean Deformed Belt.  
A) Seismic line across the Sinu Fold Belt (from Ruiz et al., 2000); B) seismic line showing the pull-apart basin 
offshore from the right-lateral Cuisa Fault (from Reistroffer et al., 2006); C) seismic line offshore the Guajira 
Peninsula showing the subducted oceanic crust beneath the accretionary prism (from Reistroffer et al., 2006); D) 
seismic line tied to the well DSDP-153, which confirms the presence of the oceanic crust, and showing the SCDB 
overthrusting the Caribbean Plate (from Ramirez, 2007).  Note the change in width of the SCDB from section A 
(~30 km) to section D (~50 km).  The horizontal scale is not given for Figures B and C.  For location see Figure 4.1. 
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Figure 4.3.  Location of the data provided by Ecopetrol in the Santa Marta Bay area and main structures observed in the area.  The Araza-1 well lies within the area of the 3D 
survey and reach a total depth of ca. 4100 m below sea level.  The red lines show the location of the 2D seismic lines referred to in the text.  Black-dashed box shows the 
location of Figure 4.11. 
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In the study area, the sedimentary section from the shelf to the ocean floor exhibits a wedge 
shape geometry, which can be divided into two zones with distinctive structural styles.  NE-
SW trending thrusts and folds form the frontal part of the wedge towards the offshore; and 
high-angle, steep faults with extensional offsets dominate the rear of the wedge, towards the 
shelf.  The frontal structures exhibit a geometry typical of an accretionary prism.  The 
structures to the rear of the wedge are more complicated, appear to be deep-rooted and 
may have accommodated significant strike-slip displacement forming transtensional basins 
(e.g. Bahia Basin; Ruiz et al., 2000; Duarte et al., 2006; Duarte et al., 2009).  Extensive areas of 
deformed or mobile shale, including mud volcanoes with seabed expression are also present 
in the area (e.g. Shepard et al., 1968; Shepard, 1973; Duque-Caro, 1979; Duque-Caro, 1984; 
Vernette, 1989; Vernette et al., 1992). The role of shale tectonics in the evolution of the 
basins has not been considered in previous studies.  Mud volcanoes, although widely 
distributed, tend to be aligned in a regional NE-SW trend located within the abrupt transition 
zone between the compressional structures and the more landward extensional/strike-slip 
deformation. 
 
Detailed seismic interpretation of the 2D seismic data available in the Bahia Basin was carried 
out to describe the different structural styles observed in this area (Figure 4.3).  Several 
regional seismic sections, which are broadly dip-lines oriented perpendicular to the strike of 
the main structures, are used to further describe the three structural components of the 
study area, namely the accretionary prism, the extensional/strike-slip zone and the mobile 
shale.  The 2D seismic interpretation is tied to well data (Figure 4.4) and is well-constrained 
within the area of the 3D seismic data where a more detailed interpretation of horizons and 
faults was performed as discussed in the following chapters.  However the uncertainty of the 
interpretation increases towards the SCDB because of the absence of well control in this 
region.   
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Figure 4.4.  Summary of previous work and chronostratigraphic correlations in the study area (including data from Berggren et al., 1995; Duque-Caro, 2001; Duarte et al., 2006; 
Duque-Caro, 2006; Rincón et al., 2007; Cadena and Slatt, 2013). 
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4.2. Seismic interpretation and stratigraphic units 
Six seismic units have been defined based on the interpretation of five main surfaces of 
stratigraphic importance.  These surfaces are mainly unconformities that were mapped based 
on truncated reflections, onlap and top-lap relationships, and contrasts in the seismic 
reflectivity of seismic facies.  The upper Miocene to lower Pliocene unconformity is the most 
prominent surface in the study area and serves as a regional reference for correlation with 
other surfaces.  For reference, the seismic units defined in this study are correlated with 
previous studies in the wider Bahia Basin area (extending to the east) by Duarte et al. (2006) 
and Cadena and Slatt (2013) in Figure 4.4.   
 
The age of the interpreted surfaces was constrained to well data existing in the area (Figure 
4.3).  However, wells are located relatively close to the shore line (i.e. up to ca. 30 km 
offshore in the Araza-1 well) and there are no wells in the Colombian Caribbean located 
within the SCDB.  The Araza-1 well is located within the area of the Bahia Basin and reaches a 
total depth of 4078m below sea level, which helps to constrain the age of the youngest 
seismic units (i.e. late Oligocene to Holocene times, Figure 4.4).  Earlier published regional 
tectonostratigraphic studies were also used to guide the interpretation described here, 
especially within the inboard basinal area  (Figure 4.2, e.g. Ruiz et al., 2000; Duarte et al., 
2006; Reistroffer et al., 2006; Rincón et al., 2007; Vence, 2008; Duarte et al., 2009; Cadena and 
Slatt, 2013). The extensive presence of mud volcanoes and deformed or mobile shale makes 
the correlation of horizons beyond the 3D seismic survey challenging.  For these reasons, 
there is a larger range of uncertainty in the interpretation of the seismic surfaces within the 
SCDB, and these are shown as dashed lines in the seismic interpretations.  
 
4.2.1. Acoustic basement (Oceanic crust) 
The top of the acoustic basement is defined in front of the SCDB, as a high amplitude 
reflection beneath the layered, reflective sedimentary section.  At the NW end of seismic line 
AC-1999-G7 (Figure 4.5) the top of the oceanic-acoustic basement occurs at ca. 9 s (TWT).  
The continuity of the basement towards the SE, below the SCDB and the sedimentary wedge, 
is not clear, and it is interpreted at the base of the deepest layered reflections that can be 
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interpreted as sedimentary sections.  Based on this interpretation, the oceanic crust dips 
gently towards the SE confirming a low angle of subduction at the base of the sedimentary 
wedge as suggested by other authors (e.g. Kellogg and Bonini, 1982; Kellogg, 1984; van der 
Hilst and Mann, 1994; Taboada et al., 2000; Mantilla-Pimiento, 2007; Kroehler et al., 2011; 
Van Benthem et al., 2013; Escalona and Yang, 2013; Bernal-Olaya, 2014).  The acoustic 
basement beneath the frontal parts of the SCDB is interpreted to be oceanic crust of the 
Caribbean Plate based on seismic ties to DSDP site 153 (Figure 4.2D, Ramirez, 2007) where 
Turonian-age basalts were drilled at 759m below sea level in front of the SCDB (Bolli and 
Premoli, 1973; Donnelly et al., 1973; Hopkins, 1973; Premoli and Bolli, 1973; Edgar et al., 
1973b; Moore and Fahlquist, 1976).  Likewise, further to the east offshore the Gulf of 
Venezuela in the Venezuelan basin, regional seismic reflection lines published in Kroehler et 
al. (2011) image oceanic crust dipping beneath the outer parts of the SCDB. 
 
4.2.2. Pre-middle Eocene unit (Seismic Unit 1) 
This unit is characterised by high-amplitude layered reflections towards the top, and low-
amplitude, low-frequency, and chaotic reflections towards the base.  In the offshore area, it is 
interpreted as the deepest unit with layered reflections (ca. 5 to 8 s TWT) and corresponds to 
the base of the wedge that forms the SCDB (Figure 4.5).  Towards the shelf, correlative 
bright reflections are interpreted in front of the Santa Marta Massif and the Barranquilla High 
(ca. 4 to 5 s TWT; Figs 4.5, 4.6, 4.7 and 4.9); here, the top of the unit corresponds to an 
angular unconformity (Figure 4.8) which marks an important phase of deformation, uplift 
and erosion occurring in the NW corner of South America during middle to late Eocene 
times (e.g. Duque-Caro, 1979; Duque-Caro, 1984; Roure et al., 1997; Villamil, 1999; Gómez et 
al., 2003; Gómez et al., 2005; Escalona and Mann, 2006; Rincón et al., 2007; Pindell and 
Kennan, 2009; Montes et al., 2010; Ayala et al., 2012 – see CHAPTER 2).   
 
The seismic lines show that this unit is thickest in the shelfal area and significantly thinner in 
the thrust belt.  These rocks are most likely the older accretionary wedge of the San Jacinto 
Fold Belt that have been incorporated into the younger accretionary prism, which would 
explain their chaotic, but occasionally layered, seismic response.  The deformed pre-middle 
Eocene rocks beneath the Bahia Basin align along strike with the onshore exposures of the 
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San Jacinto Fold Belt, where the stratigraphy consists of deformed Paleocene and early 
Eocene hemipelagic shales interbedded with turbiditic sandstones and conglomerates, with 
local sections overlain by limestones which may correlate with the high-amplitude reflections 
observed towards the top of the unit (e.g. Duque-Caro, 1979; Duque-Caro et al., 1996; Flinch, 
2003).  This interpretation of an older accretionary wedge, located to the rear, and partially 
incorporated into the recent fold and thrust belt, is consistent with the long history of 
subduction and accretion along this margin since late Cretaceous times (e.g. Pindell and 
Kennan, 2009; Escalona and Mann, 2011; Bayona et al., 2012b).  Flinch et al. (2003), have 
proposed a similar interpretation on a regional section based on seismic data located 
towards the west of the study area, using data from the Barranquilla-1 well.  Reistroffer et al. 
(2006), also interpret the rocks beneath the basins behind the SCDB as a late Cretaceous to 
Eocene tectonic melange in the Guajira area (Figure 4.2B, C). 
  
4.2.3. Middle Eocene to upper Oligocene (Seismic Unit 2) 
The distinctive middle Eocene to upper Oligocene unit is characterised by low-frequency, 
low-amplitude, chaotic reflections.  It is interpreted as overpressured shale that has been 
described as the source of the extensive mud volcanism observed in the region (e.g. Duque-
Caro, 1979; Vernette et al., 1992; Ruiz et al., 2000; Flinch et al., 2003a; Flinch et al., 2003b).  
Seismic sections (e.g. Figs 4.5 and 4.7) show several examples of mud volcanoes sourced 
from the Oligocene beneath the Miocene units.  Structurally equivalent rocks drilled within 
the offshore parts of the Sinu Fold Belt and northern end of the San Jacinto Fold Belt mostly 
consist of deepwater pelagic shale with some intercalations of turbiditic sandstones (Duque-
Caro, 1979; Duque-Caro et al., 1996; Flinch, 2003; Niño et al., 2006; Guzmán, 2007).  The top 
of the unit corresponds to a regional hiatus between the late Oligocene and early Miocene 
(Duque-Caro, 2006; Rincón et al., 2007), which may correlate with a stage of accretion of the 
San Jacinto Fold Belt, the start of the formation of the Sinu Fold Belt (e.g. Duque-Caro, 1979; 
Duque-Caro, 1984; Flinch, 2003), and a phase of accelerated uplift in the Santa Marta Massif 
(Villagómez et al., 2011b). 
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Figure 4.5.  NW-SE 2D seismic line AC-1999-G7 (above) and interpretation (below), showing the compressional deformation within the South Caribbean Deformed Belt in the 
NW and the Bahia Basin to the SE.  For location see Figures 4.3 and 4.11. 
Chapter 4 – Bahia Basin and the South Caribbean Deformed Belt  
 
77 
 
 
Figure 4.6.  NW-SE 2D seismic line AC-1999-G3A (above) and interpretation (below), showing the compressional deformation within the South Caribbean Deformed Belt in the 
NW and the Bahia Basin to the SE.  The legend is shown in Figure 4.5.  For location see Figures 4.3 and 4.11. 
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Figure 4.7.  W-E 2D seismic line L-1982-8200 (above) and interpretation (below), showing the compressional deformation on the western margin of the South Caribbean 
Deformed Belt in the W and the Bahia Basin to the E.  The legend is shown in Figure 4.5.  For location see Figures 4.3 and 4.11.
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Figure 4.8.  W-E 2D seismic line L-1984-601 (above) and interpretation (below), showing an angular unconformity 
of Middle Eocene age. The Cienaga-1 well is located offshore, on the western side of the Santa Marta Massif, and 
drilled a narrow depocentre filled mainly by Miocene sediments. The basin appears to be controlled by the Santa 
Marta-Bucaramanga Fault System, with evidence of basin inversion.  The legend is shown in Figure 5.  For location 
see Figures 4.3 and 4.11. 
 
 
4.2.4. Upper Oligocene to middle Miocene unit (Seismic Unit 3) 
This unit is characterised by continuous and parallel reflections of variable amplitude, 
affected by low displacement normal faults in the Bahia Basin area, which contrast with the 
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underlying dim and chaotic reflections from Seismic Unit 2 (Figs 4.5 to 4.10).  This unit 
exhibits major changes in thickness, especially in the Bahia Basin area, some of which may be 
a response to the movement of the underlying overpressured-shale section below (Figure 
4.5).  The top of the unit is interpreted as an unconformity based on local seismic truncations 
and onlap geometries observed in the Bahia Basin area (Figs 4.5 and 4.6).  This unconformity 
may be an expression of deformation associated with the start of collision of the Panama 
Arc, the accretion of the Choco Block, and initial uplift of the Andean cordillera (e.g. Duque-
Caro, 1990; Taboada et al., 2000; Gómez et al., 2005a; Gómez et al., 2005b; Rincón et al., 2007 
– Figure 4.4).  The Araza-1 well found marine shales with intercalations of sandstones and 
siltstones increasing towards the base of the section (Moreno and Naranjo, 2008). 
 
4.2.5. Middle Miocene to upper Miocene unit (Seismic Unit 4) 
Similar to Seismic Unit 3, the middle to upper Miocene unit is characterised by continuous 
and parallel reflections of variable amplitude, affected by low displacement normal faults in 
the Bahia Basin area (Figs 4.6 and 4.9).  Marine shales with minor intercalations of sandstones 
and siltstones are found in the Araza-1 well (Moreno and Naranjo, 2008), and may 
correspond to the initial deposits of the Magdalena Fan (Martinez et al., 2012), sourced from 
the uplift of the Central and Eastern Cordilleras, and the Santa Marta Massif (e.g. Hoorn et al., 
1995; Gómez et al., 2005b; Mora et al., 2010; Villagómez et al., 2011b). The top of the unit is 
marked by an important regional unconformity, beneath the Plio-Pleistocene sediments, 
which is the main traceable surface in the seismic data (Figs 4.5 to 4.10).  Onlap, down-lap 
and top-lap geometries of the reflections help to identify the upper Miocene to lower 
Pliocene unconformity, which is also constrained by the interpretation carried on the 3D 
seismic volume (see Chapters 5 and 6).  The top of the unit correlates with a regional hiatus 
between late Miocene and early Pliocene (Duque-Caro, 1990b; Rincón et al., 2007), which is 
thought to reflect the initiation of the last stage of uplift and deformation along the SCDB in 
response to the shallow subduction of the Caribbean Plate beneath South America (e.g. 
Taboada et al., 2000; Gómez et al., 2005a; Escalona and Mann, 2011).   
Chapter 4 – Bahia Basin and the South Caribbean Deformed Belt  
 
81 
 
Figure 4.9.  N-S 2D seismic line L-1982-5300 (above) and interpretation (below), showing the eastern part of the study area.  The legend is shown in Figure 5.  For location see 
Figures 4.3 and 4.11. 
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Figure 4.10.  N-S 2D seismic line NZ-1999-127 (above) and interpretation (below), showing the most eastern part of the study area.  The wide Nazareth Basin is located at the 
rear of the South Caribbean Deformed Belt.  Towards the south, a deep depocentre is located in front of the right-lateral Oca Fault (Fault C’), which may correlate with the 
deeper depocentre in the Bahia Basin.  The legend is shown in Figure 5.  For location see Figures 4.3 and 4.11. 
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Figure 4.11.  Map of the structures interpreted from 2D seismic data.  The red lines show the location of the 2D seismic lines referred to in text.  Dashed lines denote less 
confident interpretations due to reduced seismic quality and/or coverage.  SM-BFS, Santa Marta-Bucaramanga Fault System; OFS, Oca Fault System.
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4.2.6. Plio-Pleistocene unit (Seismic Unit 5) 
The most recent unit shows a wide range of seismic facies, from parallel and subparallel to 
chaotic reflections, with both low and high amplitudes.  These seismic facies are interpreted 
as varied deep-water deposits of the Magdalena Fan, which migrated from the SW during 
this time (Romero, 2009; Romero-Otero et al., 2010; Molinares et al., 2012; Cadena and Slatt, 
2013).  The sediments fill local depocentres above the upper Miocene to lower Pliocene 
unconformity, with large changes in thickness.  Thus, this unit is characterised by the 
presence of multiple local unconformities, interpreted from onlap and top-lap geometries, 
which demonstrate on-going deformation in both the accretionary prism and the inboard 
basin area.   
 
The top of the unit is the present-day seafloor, whose bathymetry demonstrates processes 
associated with the Magdalena Fan (Figure 4.3) including submarine channels and canyons 
transporting sediment from the shelf into the piggy-back basins located between the 
structural highs (Romero, 2009; Romero-Otero et al., 2010).  Offshore of the SCDB, 
bathymetric studies have shown the presence of sediment waves, leveed channels and mass-
flow deposits (Ercilla et al., 2002a; Ercilla et al., 2002b). 
  
4.3. Structural styles in the study area  
4.3.1. Accretionary prism – South Caribbean Deformed Belt 
In the study area, the SCDB is a fold and thrust belt with a maximum width of 45-50 km that 
forms a Neogene accretionary prism on the southern margin of the Caribbean Plate due to 
the subduction of the Caribbean Plate beneath South America (e.g. Pennington, 1981; Burke 
et al., 1984; Burke, 1988; Escalona and Mann, 2011; Kroehler et al., 2011 – for regional 
description see CHAPTER 2).  This belt is located on the present day continental slope, at 
depths between 800 and 3200 meters below sea level (Figs 4.3 and 4.11).  Folds observed in 
the seabed bathymetry are the surface expression of a series of fault-related anticlines with 
vergence to the NW (Figs 4.5 and 4.6).  Typically, four to five thrusts are observed on seismic 
sections across the wedge.   The folds are cored by upper Oligocene and Miocene strata, and 
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are partially covered by Pliocene to Holocene syntectonic sediments that thicken towards the 
synclines and become thinner toward the crest of the anticlines.   
 
The geometry of the anticlines and thrust faults varies along the belt.  The frontal anticline 
(labelled 1 in Figs 4.5 and 4.11) is symmetrical, with a main thrust fault with vergence to the 
NW in the fore-limb, and a backthrust with vergence to the SE in the back limb; here, the 
main detachment level corresponds to a thick section of overpressured shale of Oligocene to 
early Miocene age (i.e. Seismic Unit 2).  Towards the rear of the belt, the anticlines are 
asymmetric and the faults detach deeper, presumably within the late Cretaceous to middle 
Eocene (i.e. Seismic Unit 1), and possibly finally reaching the top of the subducting oceanic 
crust.  Significant variations occur along the strike of the structures; on the seismic section in 
Figure 4.5, the dip of the thrusts 2, 3, 4, and 5 steepen landwards, towards the SE, but on the 
seismic section in Figure 4.6, more thrust faults appear accompanying main thrusts 3 and 4, 
resulting in a tighter and more complex section (see also Figure 4.11).   
 
At the rear of the belt, the boundary with the Bahia Basin is generally well defined by a steep 
normal fault dipping to the SE, which might have a significant component of strike-slip 
movement (Fault A in Figs 4.5-7, 4.9-11).  However, the last structure of the belt (5 in Figure 
4.11) changes along strike from a high-angle thrust in the SW (Figs 4.5 and 4.7) to a normal 
fault in the central area (Figure 4.6) and changes again to a high-angle thrust towards the 
NE (Figure 4.9); this change in the structural style is attributed to the accumulation of strike-
slip deformation at the rear of the belt where high-angle faults tend to occur.   
 
The general trend of the structures in the SCDB is SW to NE; however, as noted also by other 
authors (Breen, 1989; Vernette et al., 1992; Ruiz et al., 2000; Cerón et al., 2007; Restrepo-
Correa and Ojeda, 2010; Romero-Otero et al., 2010; Martinez et al., 2012), the bathymetry 
data show that the frontal toe of the SCDB is convex in shape, with the main structures 
rotating to trend almost N-S as they approach the Magdalena Fan.  Seismic lines that image 
this area confirm that the SCDB does terminate at this arcuate edge.  For example, line L-
1982-8200 (Figure 4.7) which strikes E-W perpendicular to the trend of the frontal structures 
in the west, shows no deformation under the Magdalena Fan towards the west of the frontal 
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thrust and anticline (structure 1 in Figs 4.7 and 4.11).  Towards the east, on the same line, 
folds and thrust have similar geometries to the ones observed on the SE-NW seismic lines, 
i.e. faults with increasing dips, symmetric to asymmetric anticlines, covered by Plio-
Pleistocene sediments.  However, the belt seems to decrease in width from 50 km in the 
centre, where at least five thrusts are present (Figure 4.5), to 45 km in the west, where four 
thrusts occur (Figure 4.7).  
 
In summary, Figure 4.11 shows a map view of the bathymetry data with the structures 
interpreted using 2D seismic data.  In general, the SCDB is formed by NE-SW trending 
thrust faults with vergence to the NW.  The western end of the fold and thrust belt is defined 
by a rotation in the trend of the structures towards the south.  To the east, the frontal toe of 
the belt also shows a convex shape but this is continuous towards the NE forming the main 
offshore structure along the southern margin of the Caribbean Plate.  At the rear of the belt, 
in a zone of extensive mud volcanism, the first thrusts are high-angle faults that may 
accumulate an important component of right-lateral displacement.  Behind these thrusts, 
high-angle faults, interpreted as strike-slip faults and associated basins occur.  
 
4.3.2. Bahia Basin 
The Bahia Basin is bounded by two main strike-slip deformation zones that accumulate 
normal displacement (Faults A and C in Figs 4.5, 4.6, 4.9 and 4.11).  Fault A forms the main 
boundary with the frontal fold and thrust belt (i.e. SCDB) showing a dramatic change in the 
structural style.  This fault zone, like the trend of the structures within the thrust belt, runs 
from SW to NE, almost parallel with the limits of the 3D seismic volume, and continuing the 
trend of the coast line and shelf break present towards the SW in the area of Barranquilla-1 
well (Figs 4.3 and 4.11).  As with most strike-slip faults, this fault zone might be formed by 
coalescing faults and can also be mapped by the alignment of several mud volcanoes that 
erupt on the seabed (Figs 4.3 and 4.11).  Aside from the mud volcanoes, there is no further 
evidence of the presence of this fault on the seabed (i.e. folds, escarpments), which means 
there is no Recent activity along this fault zone.  However, in the subsurface, this fault is 
defined by the thickening towards the south of the Plio-Pleistocene unit (i.e. Seismic Unit 5) 
within the Bahia Basin, and the normal offset of the dim and chaotic reflections that 
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characterises the overpressured-shale section of late Oligocene to early Miocene age (i.e. 
Seismic Unit 2).  In depth, the quality of the seismic image is poor, so the fault is interpreted 
to be almost vertical (perhaps dipping slightly to the south), crossing the late Cretaceous to 
middle Eocene unit down to the acoustic basement.     
 
The second fault zone (i.e. the southern margin of the Bahia Basin, Fault C in Figs 4.5, 4.6, 4.9 
and 4.11), in contrast to Fault A, strikes from west to east, with a similar trend to the Oca 
Fault System further to the east (Figs 4.1 and 4.3).  Seismic lines (e.g. Figs 4.5 and 4.9) clearly 
show the normal displacement along this fault zone, which is very similar to the extension 
observed along the Oca Fault System (Ramirez, 2007; Vence, 2008; Restrepo-Correa and 
Ojeda, 2010; Cardona et al., 2013 – Figure 4.10).  This extension is distributed across several 
small normal faults, and accumulated along a major strike-slip fault that also is interpreted to 
extend through the late Cretaceous to middle Eocene succession up to the boundary with 
the acoustic basement.  Given, the similarities of this fault zone with the Oca Fault System, 
Fault C is interpreted to be a right-lateral transtensional fault that has formed in response to 
the continuous eastern movement of the Caribbean Plate in relation to South America 
(Duque-Caro, 1979; Audemard, 1996; Audemard, 2009; Montes et al., 2010).  
 
Based on the analyses of the 2D seismic data, the Bahia Basin appears to have formed as a 
result of the concomitant activity along two dextral strike-slip zones (i.e. Faults A and C, 
Figure 4.11), which created a wide pull-apart basin system with the development of multiple 
depocentres (Figure 4.11).  The depocentres are mainly expressed as the thickening in the 
Plio-Pleistocene unit (Seismic Unit 5), although there are also noticeable changes in the 
thickness of Oligocene, lower and upper Miocene sedimentary units (i.e. Seismic Units 2 to 4; 
Figs 4.5, 4.6, 4.7, 4.9 and 4.10).  These changes in thickness might be explained due to the 
migration of depocentres through time; this hypothesis, together with the structural 
evolution of the Bahia Basin, is discussed in detail in the following chapter (CHAPTER 5).  
 
The Bahia Basin is also characterised by the presence of an important NE-SW trending fault 
in the centre of the basin (Fault B in Figs 4.5, 4.6, 4.7, 4.9 and 4.11).  This fault is called the 
Bahia Fault and it is described in detail in the following chapter (CHAPTER 5).  The Bahia 
Fault also accumulates significant strike-slip deformation and is the north-western boundary 
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of the main depocentre observed in the Bahia Basin.  The footwall of the fault (north-western 
side), is deformed by a large number of closely-spaced, low-displacement normal faults that 
affect the Miocene unit (i.e. Seismic Units 3 and 4) and tend to disappear within the shale 
section of late Oligocene to early Miocene age (Seismic Unit 2).   
 
On the hanging wall (south-eastern side) of the Bahia Fault, the depocentre deepens and 
widens from SW (Figure 4.5) to NE (Figure 4.9), forming a triangular shape that terminates 
abruptly along an N-S trending reverse fault to the east (Fault D) (Figure 4.6) and Fault C to 
the south.  The reverse fault in the eastern boundary of the triangular depocentre (Fault D) 
may be the northern extension of the onshore Santa Marta-Bucaramanga Fault System 
(SMBFS in Figure 4.9, see also CHAPTER 2).  This fault has a history of recent movement, as 
it deforms the Plio-Pleistocene unit (Seismic Unit 5) and even seems to offset Fault C on the 
southern margin of the basin (Figure 4.6).  
 
The Santa Marta-Bucaramanga Fault System seems to act as an inversion structure of a pre-
existing normal fault that extended southward, as the 2D seismic data shows a narrow 
continuation of the Bahia Basin towards the south (Fig. 4.6, 4.8 and 4.11).  This is supported 
by Cienaga-1 well, which drilled a unit of Plio-Pleistocene sediments down to 384 m (1260 
ft), and an undifferentiated Miocene section down to 3737 m (12260 ft) below sea level 
(Figure 4.8).  This south-eastern part of the Bahia Basin is very complex, and may continue 
onshore in the basin between the Algarrobo and the Santa Marta-Bucaramanga faults, which 
form a pull-apart basin, on the western side of the Santa Marta Massif (SMM in Figure 4.11 
– Reyes et al., 2000; Reyes-Harker et al., 2000; Ferreira et al., 2012; Bernal-Olaya, 2014), in 
response to the opening of the Lower Magdalena Basin and the rotation of the Santa Marta 
Massif (Duque-Caro, 1979; Reyes-Harker et al., 2000; Montes et al., 2010). 
 
In general, the Bahia Basin shows a tendency to widen from the intersection between Faults 
A and C in the SW (Figure 4.11), to the Nazareth Basin towards the NE (Figure 4.10).  The 
opening of the basin would have started in Oligocene to early Miocene times as a pull-apart 
basin between Fault A and the paleo-Oca Fault; in the latest stages the basin may been 
partially inverted along the Santa Marta-Bucaramanga Fault System (Fault D) in response to 
the northern expulsion of the Maracaibo Block.         
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4.3.3. Shale tectonics 
Shale tectonics has been broadly defined as the deformation processes associated with shale 
or mudstone plasticity or mobility within a basin (Wood, 2010).  The resultant structures 
include mud volcanoes and structures referred to variously as mud diapirs, shale diapirs, 
mobile shale/mud, or argillokinetic structures.  The formation of some of these structures has 
been considered to be similar to the formation of analogous salt structures (Morley, 2003; 
Rowan et al., 2004; Wood, 2004).  Within the study area three types of shale-tectonic features 
are found: 1) mud volcanoes; 2) thickening of the shale into the core of the anticlines and 
diapir formation in the fold and thrust belt; and 3) lateral movement and shale withdrawal 
associated with sediment loading in the Bahia Basin.  
 
Bathymetry data (Figure 4.12) and 2D seismic lines (Figs 4.13 and 4.14) clearly show the 
presence of large number of mud volcanoes.  The volcanoes are identified by 
pyramidal/conical structures of circular to elliptical-base shape, with a maximum diameter of 
2 km, a maximum flank slope of 30 degrees, and a maximum height of ca. 240 m above the 
seabed.  The mud volcanoes are mostly located in a zone that encompasses the rear-most 
structures of the accretionary prism (i.e. structures 3, 4 and 5 – e.g. Figs 4.5 and 4.11) and 
extends south-eastwards into the Bahia Basin.  A significant number of mud volcanoes are 
located close to, or immediately overlying, the steep faults behind the SCDB (i.e. thrust faults 
and Fault A – Figs 4.5 and 4.11) suggesting that the overpressured fluids that fed the mud 
volcanoes were released along these faults.  Buried mud volcanoes that terminate within 
Miocene and Plio-Pleistocene sediments also occur indicating a long history of mud and 
fluid mobilisation in the area (e.g. Figs 4.7 and 4.10).  Older phases of eruption at a paleo-
seabed create typical “Christmas-trees” geometries (Stewart and Davies, 2006) in response to 
the changes in the relationship between the rate of sedimentation and the rate of mud 
extrusion; for example, Deville et al. (2006) describes that with constant rates of mud 
extrusion, at low sedimentation rates the mud extrude on the seabed creating mud 
volcanoes which are buried during stages of high sedimentation. When low sedimentation 
rates return mud can extrude again on the seabed creating stacked volcanoes, with serrated, 
or ‘Christmas tree’ style geometries.  Figure 4.13 illustrates a comparison of the seismic 
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response described by Deville et al. (2006) and the geometries observed within the 2D 
seismic dataset in the Bahia Basin.  
 
As previously indicated by different authors, mud volcanoes are likely sourced from deep 
overpressured-shale units rich in different kinds of fluids (i.e. water, gas, oil, or a combination 
of the above) and are connected to the surface along pipe-like or planar structures (Kopf, 
2002; Kopf et al., 2003; Deville et al., 2006; Stewart and Davies, 2006; Evans et al., 2008; Bonini 
and Mazzarini, 2010; Bonini, 2012).  Here, mud volcanoes (both on the seabed and covered 
by sedimentation) are fed by narrow conduits connected to a deeper source, which in this 
case corresponds to the overpressured-shale section of Oligocene to early Miocene age 
(Seismic Unit 2 – e.g. Figs 4.5, 4.6, 4.7, 4.10).  The conduits are interpreted on seismic from 
discontinuities within the sedimentary section (Cartwright and Santamarina, 2015).  Such 
discontinuities have been compared with pipes similar to those observed in igneous 
intrusions (e.g. Davies and Stewart, 2005), and typically occur along faults or at the crest of 
anticline structures (e.g. Figure 4.10).  
 
 
 
 
Figure 4.12.  Bathymetry and dip-attribute map of seabed the Bahia Basin. The area of the 3D seismic survey (light 
blue) and the coast line (purple) are shown for reference.  Contour interval is 200 m. 
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Figure 4.13.  A) Example of a mud volcano with a Christmas-tree geometry; from Deville et al., 2006.  B) Section of 
seismic line L-1982-4900 showing examples of mud volcanoes extruding on the seabed.  For location see Figure 
4.12. 
 
 
In the SCDB, the Oligocene to early Miocene shale unit frequently thickens within the core of 
the anticlines creating diapiric-like structures (e.g. structures 3 and 4 in Figure 4.5).  In some 
cases volcanoes can be observed to be sourced from the thickened shales along thrusts and 
extrude within younger stratigraphy or at the present day sea floor.  Within the Bahia Basin 
itself, mud volcanoes and shale diapirs are concentrated along the fault zone A on its north-
western margin, but some volcanoes are also found elsewhere in the basin as seen in Figs 4.7 
and 4.13 for example.    
 
Apart from the shale movement and thickening within the core of the folds of the outer fold 
and thrust belt, examples of shale movement, associated with rapid thickness changes in 
both the shale unit itself and the overlying younger strata, are also found within the dataset.  
Some of the geometries resemble salt-withdrawal structures found in salt provinces.  
Examples of similar shale tectonic structures are known from other settings with mobile 
shale, such as the Niger Delta, the western Mediterranean Alboran basin, northern 
Venezuela, Makran accretionary prism, and NW Borneo (Morley and Guerin, 1996; Morley, 
2003; Soto et al., 2010; Duerto and McClay, 2011), where local evacuation of mobile mud 
provides space for the accommodation of sediments.  An example of this is seen very clearly 
in Figure 4.14, within the Bahia Basin area where the thickening of Seismic Unit 2 section 
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towards the NW occurs in response to the development of a down-building minibasin, ca. 5 
km wide, during early to late Miocene times (Seismic Units 3 and 4).  This process may also 
be present within some structures of the accretionary prism, such as structure 4 in Figure 
4.5, where the thrusting and piggy-back basin formation at the rear of the thrust is 
accompanied by the process of shale movement into the core of the anticline, forming a 
diapir-like structure, and facilitating the down-building expansion of the piggy-back 
minibasin.  
 
In summary, shale tectonics is manifest in a variety of ways; i.e. mud volcanism, thickening of 
shales into the core of anticlines, and shale evacuation under local depocentres. The 
overpressures required to allow the Oligocene muds to behave as a mobile material may 
have been generated by the deposition of the Magdalena Fan sediments over the underlying 
mud-rich Oligocene section.  Regional seismic lines 5 and 6 show a some down-dip 
thickening of the Oligocene to early Miocene shale unit towards the area of the fold and 
thrust belt, and it appears regionally thinned under the Bahia Basin, which may indicate an 
overall down-dip flow of the shale unit, perhaps in response to the accumulation and loading 
of Magdalena Fan related sediments in the up-dip basins. 
 
4.4. Discussion 
4.4.1. Interpretation of the SCDB 
The interpretations of the 2D reflection seismic and bathymetry datasets on the eastern side 
of the large Magdalena Fan in NW South America, confirms the presence of a late 
Cretaceous to Holocene sedimentary wedge.  The front of the wedge, the SCDB ‘sensu-
stricto’, is a deepwater fold and thrust belt, with W to NW verging thrusts, underlain by 
oceanic crust.  A zone of deep basins, which have most likely formed in a transpressional/ 
transtensional setting lie towards the rear of the fold and thrust belt.  This deformation is 
accompanied by extensive mud volcanism and mobile shale (i.e. shale tectonics) mainly 
located in the marginal area between the compressional and extensional zones.   
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Figure 4.14.  Zoom in of seismic line shown in Figure 4.5.  Note the downbuilding minibasin of Miocene age 
forcing the movement of Oligocene-age shale towards the flanks, mainly towards the area of the diapiric belt.  
UMLPU, upper Miocene to lower Pliocene unconformity; MMU, middle Miocene unconformity; UOLMU, upper 
Oligocene to lower Miocene unconformity; MEU, middle Eocene unconformity.  
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Deepwater fold and thrust belts have been commonly grouped in two end-member types 
(e.g. Rowan et al., 2004; Morley et al., 2011):  1) those that form on passive margins in 
response to gravity, where the deformation is limited to the section above a basal 
detachment, normally formed of salt or shale (e.g. the Gulf of Mexico, the SE Brazilian 
Margin, the Niger Delta); and 2) those that form in zones of plate convergence in response 
to stresses that affect the crust (e.g. NW Borneo, Trinidad-Barbados, Banda Arc).  Morley et 
al. (2011) has demonstrated that this is a rather simplistic classification and has shown that 
gravity may play an important role in driving some of the deformation within the 
sedimentary section in convergent plate tectonic settings.  One such example is the Makran 
accretionary prism, where large fluvio-deltaic systems sourced from the Indo-European 
collision zone have fed the continental margin.  Large growth faults under the delta on the 
margin, with extensive shale diapirism and the offshore deepwater fold and thrust belt, 
resemble the typical structures observed on gravity-driven passive margins.  However, the 
known history of subduction of the Arabian Plate beneath the Eurasian Plate, and the fact 
that the amount of extension along the proximal normal faults is much lower than the 
amount of shortening observed in the fold and thrust belt, have led Grando and McClay 
(2007) and Morley et al. (2011) to conclude that plate convergence and subduction is the 
dominant process in the formation of the Makran accretionary prism. 
 
Given the extensive evidence for overpressured and mobile shale in the study area, the 
presence of deep localised basins with extensive normal faulting behind the fold and thrust 
belt, and the high sediment supply during Miocene to Pleistocene times from the Magdalena 
Fan system, raises the possibility that gravity driven deformation may have played a role in 
the formation of structures offshore northern Colombia.  However, geophysical data (i.e. 
tomography; van der Hilst and Mann, 1994; Taboada et al., 2000; Van Benthem et al., 2013), 
plate tectonic reconstructions (e.g. Pindell and Kennan, 2009; Escalona and Mann, 2011; 
Boschman et al., 2014), and geological data that document oceanic crust beneath the wedge 
(Ramirez, 2007; Kroehler et al., 2011), all support the interpretation of the South Caribbean 
deepwater fold and thrust belt as an accretionary prism.  While subduction is the main 
driving mechanism for the formation of the South Caribbean deepwater fold and thrust belt, 
more limited gravity-driven deformation might still be possible.  However, examination of 
seismic sections provides no evidence for any linking of the faults with extensional offset in 
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the Bahia Basin area to the down-dip thrust domain.  Although normal faults do occur, they 
are high-angle and do not seem to have detached along the level of the overpressured 
shale, so, my interpretation in the area of the Bahia Basin supports the presence of planar, 
deep-rooted normal faults, with possible strike-slip displacement (Figs 4.5 to 4.11).  On the 
other hand, there are local smaller structures within the Bahia Basin area which suggest that 
shale tectonics has influenced the shape of some of the depocentres within the basin (e.g. 
Figure 4.14).  Additionally, in other areas along the SCDB, like in front of the Guajira 
Peninsula, some gravity driven deformation does appear to occur.  For example Reistroffer et 
al. (2006) (Figure 4.2C) shows a gravitational system with listric normal faults detaching 
beneath the Miocene section linked to a single toe thrust, in the area behind the main 
accretionary prism.  However there is no evidence that large-scale, gravity-driven 
deformation is responsible for forming the thrusts within the SCDB in the Guajira area.  
 
4.4.2. Extension at the rear of the wedge 
The Bahia Basin occurs within a zone of extension bounded by high-angle, planar, normal 
faults, possibly with a strike-slip component, located at the rear of the SCDB accretionary 
prism.  It is interesting to note the existence of the NW boundary of the Bahia Basin (i.e. Fault 
A) close to the edge of the thick Seismic Unit 1 (i.e. San Jacinto Fold Belt).  This would 
represent a rheology control for the occurrence of the extensional zone at the rear of the 
wedge.  In the context of the Coulomb wedge model (e.g. Davis et al., 1983; Dahlen et al., 
1984) there are two options that might explain the observed extension.  Firstly the 
occurrence of an oversteepened wedge due to the underplating effect of the earlier pre-
middle Eocene accretionary wedge corresponding to the northern extension of the San 
Jacinto Fold Belt, led to uplift, and steepening of the surface slope towards the rear of the 
accretionary prism.  In order to re-establish an equilibrium slope on the wedge, extension is 
required (Platt, 1986).  However, this would require extensional faults overprinting thrusting, 
which are not seen in the study area, but have been suggested for some areas in the eastern 
part of SCDB (i.e. Sinu Fold Belt; Flinch et al., 2003b).  The second option is that the oblique 
convergence along the southern margin of the Caribbean plate leads to strain partitioning 
and hence strike-slip deformation at rear of the wedge.  Strain partitioning between strike-
normal motion at the frontal part of the accretionary prism near the subduction zone and 
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strike-parallel motion towards the rear of the accretionary wedge has been observed in other 
subduction zones worldwide (e.g. Aleutians, Sumatra, N New Guinea, Philippines; (e.g. Fitch, 
1972; McCaffrey, 1992; Yu et al., 1993) and is predicted from both theoretical and analogue 
models (e.g. Platt, 1993; McClay et al., 2004; Leever et al., 2011).  All previous authors have 
mainly attributed the occurrence of strain partitioning at oblique plate boundaries mainly to 
the angle of convergence.  In front of the SCDB, the strike of the thrusts is mainly NE-SW, 
while the direction of subduction is WNW-ESE, as reported from GPS data in the Caribbean 
Plate (e.g. Weber et al., 2001; Trenkamp et al., 2002).  This results in an angle of obliquity of 
~50° to 60° (i.e. 40° to 30° from an orthogonal collision).  Besides, strike-slip deformation 
associated with the evolution of several basins along the central and eastern parts of the 
Caribbean and South America plate boundary is well documented, (e.g. Falcon, Bonaire and 
Cariaco Basins in Figure 4.1; James, 2000; Taboada et al., 2000; Audemard et al., 2005; 
Gorney et al., 2007; Pindell and Kennan, 2009; Escalona et al., 2011; Escalona and Mann, 
2011).  Although both scenarios, namely underplating of the San Jacinto Fold Belt and strain 
partitioning, may play a role in the creation of an extensional zone at the rear of the wedge, 
the absence of normal faults cross-cutting earlier thrusts, the occurrence of oblique 
subduction, and the documented strike-slip deformation along major strike-slip systems in 
northern South America, favour strain partitioning as the most likely mechanism to explain 
the formation of the Bahia Basin.  This is discussed in detail in the following chapters.  
 
4.4.3. Origin and controls of sedimentation in the accretionary prism  
The sedimentary wedge comprising the offshore SCDB and the shelfal Bahia Basin consists 
predominantly of clastic material derived from the South American continent that was 
deformed in response to the continuous and oblique subduction of the Caribbean Plate 
beneath NW South America.  The inner and oldest part of this wedge corresponds to Seismic 
Unit 1, consisting of pre-middle Eocene sediments which are interpreted as the NE 
continuation of the onshore San Jacinto Fold Belt.  These sediments were deposited over the 
continental slope during the initial stage of oblique subduction and accretion of an intra-
oceanic arc in the NW corner of South America which ultimately formed the western 
Cordillera and continued to migrate eastwards colliding diachronously with northern South 
America (e.g. Pindell and Kennan, 2009; Cardona et al., 2010; Bayona et al., 2011; Escalona 
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and Mann, 2011; Bayona et al., 2012a; Cardona et al., 2012). The sediments were deformed 
during the formation of the San Jacinto accretionary prism and fold belt in middle Eocene to 
Oligocene times and are now thickest under the inboard Bahia Basin part of the study area 
(Figure 4.4).  From middle Miocene to Holocene times major deformation events on the NW 
corner of South American including the collision of the Panama Arc (and northward 
movement of Maracaibo Block) have led to the final uplift of the Andean mountain 
(including the Santa Marta Massif).  This uplift ensured a continuous supply of terrestrial 
material eroded from the South American continent and supplied onto the Caribbean Plate.  
These sediments, which form the seismic units mapped for this study, were deformed and 
progressively incorporated within the SCDB and thrust over the subducting Caribbean Plate.  
The various unconformities between the major seismic units may correlate with specific 
tectonic events within the South American plate and Andean realm.  
 
It is interesting to note the lack of bathymetric trench associated with the SCDB accretionary 
prism.  Offshore Venezuela, Kroehler et al. (2011) have attributed this to the shallow angle of 
subduction (17° according to van der Hilst and Mann, 1994) of the thick Caribbean oceanic 
plateau.  The thick, and hence strong, down-going plate has not flexed to produce a narrow 
trench.  Instead, the shallow angle of subduction generated a broad area of accommodation 
space on the Caribbean Plate, which was filled with sediments shedding off the northern 
Andes orogenic belts.  Thrusting of the sediments deposited on the downgoing Caribbean 
Plate produced the imbricated fold and thrust belt of the Neogene SCDB accretionary prism. 
The seismic data show that the rocks of the older accretionary prism, the San Jacinto Fold 
Belt, are incorporated within the wedge towards its rear, particularly underlying the Bahia 
Basin area.  The Neogene accretionary mainly deformed Oligocene and younger age rocks 
and largely formed outboard of the San Jacinto Fold Belt. 
 
4.4.4. Evolution of structures within the Bahia Basin   
Integration of regional studies and interpretation of 2D seismic data allows the identification 
of two principal mechanisms to explain the evolution of the Bahia Basin: 1) Strike-slip 
deformation at the rear of an accretionary prism, and 2) shale mobilization and 
downbuilding formation of minibasins.   
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Figure 4.15.  Schematic, cross-section 
evolution of the Bahia Basin.  A) Pre-middle 
Eocene, accretionary prism, namely San 
Jacinto Fold Belt.  B) Deposition of deepwater 
pelagic shales during middle Eocene to late 
Oligocene times.  C) Late Oligocene to 
middle Miocene: Formation of the Bahia 
Basin between faults A and Bahia produces 
localised deposition of sediments, resulting in 
shale mobilization and downbuilding 
minibasin formation.  D) Deposition during 
middle to upper Miocene times continued 
the formation of minibasins at both sides of 
the Bahia Fault.  E) At Plio-Pleistocene times, 
the activation of a popup structure along the 
Bahia Fault produces the partial inversion of 
the NW minibasin and the growth of an 
anticline structure flanked by depocentres. 
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Given the difficulty of describing strike-slip structures by using only 2D sections, the role of 
strike-slip deformation will be analysed in the following chapters of the thesis.  However, 2D 
seismic data within the Bahia Basin has provided a nicely imaged example of the role of shale 
tectonics during the formation of depocentres within the Bahia Basin (Figure 4.14).  Thus, as 
a preliminary hypothesis, Figure 4.15 shows a schematic cross-section model for the 
evolution of the Bahia Basin and the formation of down-building, mud-withdrawal 
minibasins.  Although this process has been widely studied for salt provinces (Hudec and 
Jackson, 2007; Hudec et al., 2009; Giles and Rowan, 2012; Sylvester et al., 2015), this also has 
been applied in shale tectonics where similar basin geometries have been observed (e.g. 
Morley and Guerin, 1996; Morley, 2003; Ings and Beaumont, 2010; Soto et al., 2010; Wiener 
et al., 2010; Duerto and McClay, 2011; Ogiesoba and Hernandez, 2015). 
 
During pre-middle Eocene times (Figure 4.15A) the initial subduction process formed a 
younger accretionary prism, namely the San Jacinto Fold Belt.  The deepwater fold and thrust 
belt is covered by a thick sequence of pelagic shales during Oligocene to early Miocene 
times (Figure 4.15B).  As a result of oblique subduction during these initial stages, strike-slip 
deformation may have been started to accumulate towards the rear of the preliminary 
accretionary wedge creating an initial subsidence in the area of the Bahia Basin.  At early 
Miocene times (Figure 4.15C) the cumulative strike-slip deformation may have formed faults 
A and Bahia creating a pull-apart basin between these two faults.  The Bahia Fault may had 
had a relative major control in the deposition causing the initial thickening of sediments in 
the hanging wall of the fault (i.e. north-western side).  The load of sediments results in the 
rapid burial of the Oligocene shale section, preserving porosity and fluids within the shales.  
Then, the shales remained undercompacted and the fluids became overpressured, triggering 
the shale mobilization as ductile flow and producing the swelling of the shale section in the 
downdip direction (e.g. mud diapirs) and extrusion at the sea bottom (i.e. mud volcanoes).  
Hence, the geometry of the shale-withdrawal minibasin is controlled to the SE by the normal 
displacement along the segments of the Bahia Fault, possibly as a negative flower structure, 
and towards the NW by the swelling of the shale.  The filling of the minibasin is characterized 
by multiple unconformities (see also Figure 4.14) that record the changes in the relationship 
between the rates of diapir rising, and the rate of deposition within the minibasin, similar to 
those observed in salt-withdrawal minibasins (Giles and Rowan, 2012). 
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During late Miocene times the continuous deposition of sediments contributes to the 
downbuilding enlargement of the minibasin (Figure 4.15D).  However, the Bahia Basin has 
widened, bounded by faults A and C, and the Bahia Fault corresponds to a cross-basinal fault 
that compartmentalizes the basin.  As the Bahia Fault continues controlling the deposition, a 
new minibasin is formed on the south-eastern side of the fault.  Hence, mobile shale 
continues feeding diapir rising and mud volcanoes in the downdip direction, towards Fault A, 
but also feeds the intermediate section along the Bahia Fault, and towards Fault C in a lesser 
extent.  Finally, a dramatic change in the stress field during Plio-Pleistocene times (Figure 
4.15E).  During this final stage, the Bahia Fault is the locus of a compressional stress (possibly 
transpression), forcing the development of a positive flower structure (popup) and resulting 
in the partial inversion of Miocene minibasins on the north-western side of the fault.  The 
uplift along the Bahia Fault forms an anticline structure whose growth is recorded by Plio-
Pleistocene syntectonic sedimentation.  Growth strata is characterised by thinning and onlap 
geometries towards the crest, while paired depocentres are formed towards the flanks of the 
structure.  Downbuilding of depocentres might have been continuous during the initial 
stages of deposition, but as shale increases its depth, the increasing temperature and 
digenetic processes may have reduced shale’s ductility, thus reducing its mobility and 
stopping the  diapir rising (Day-Stirrat et al., 2010).  However, the remnant overpressure is 
continuously released through pipes connected from the buried shale to mud volcanoes at 
the sea bottom. 
 
4.5. Conclusions 
 The SCDB (deep-water fold and thrust belt) is a Neogene accretionary prism that formed 
in response to the oblique and shallow subduction of the Caribbean Plate beneath NW 
South America.  The sediments thrusted within the wedge, were sourced from the uplift 
and erosion of the northern Andes and discharged via fluvial systems onto the Caribbean 
plate. 
 
 At the rear of the wedge, the Bahia Basin formed within a zone of extensional 
deformation bounded by high-angle, planar, normal faults, which may have also 
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accumulated important strike-slip movement.  This zone of extension is considered a 
manifestation of the oblique subduction of the Caribbean Plate, where partitioning of the 
deformation occurs, creating frontal thrust parallel to the subduction front and strike-slip 
faults at the rear of the compressional zone.  This zone of strike-slip deformation opened 
a wide pull-apart basin between the NW boundary of the Bahia Basin (Fault A) and the 
paleo-Oca Fault (Fault C). 
 
 The SCDB has an arcuate geometry which is explained by the interaction of two main 
processes: First and possibly more importantly, the presence of a regional dextral strike-
slip system which causes strain partitioning and the bending of the trend of the SCDB.  
Secondly, the current north-eastward expulsion of the Maracaibo Block, creating NW-SE 
compression in front of the Santa Marta Massif.    
 
 Shale tectonics (i.e. mud volcanism, thickening of shales into the core of anticlines, and 
shale evacuation under local depocentres) is prevalent in the study area.  Although 
widely distributed, the mud volcanoes tend to be aligned in a regional NE-SW trend 
located within the transition zone between the compressional structures and the more 
landward extensional/strike-slip deformation. 
 
The interpretation of regional 2D seismic and bathymetry data has helped to identify the 
main characteristics of the SCDB in the study area, and to propose a hypothesis for the 
formation of the Bahia Basin.  However given the limitations of the use of 2D seismic to 
properly identify and characterised strike-slip systems, there are still questions regarding the 
strike-slip faults proposed in this chapter and the significance of shale tectonics: e.g. Could 
the Bahia Basin have formed purely due to localised shale withdrawal in response to the 
loading of Miocene and younger sediments?  What other structural elements besides the 
regional context can be used to support the presence of right-lateral strike-slip faults at the 
rear of the SCDB?  Hence, the next chapter addresses these questions. The interpretation of 
3D seismic data within the area of extension at the rear of the wedge will assess the evidence 
for strike-slip deformation and assess its role in the formation of the Bahia Basin. 
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CHAPTER 5 
Structural evolution of the Bahia Basin 
and evidence for strike-slip 
deformation 
 
 
5.1. Introduction  
The Bahia Basin is an area of complex deformation between the offshore-compressional 
folding of the South Caribbean Deformed Belt, and the onshore large strike-slip systems that 
dominate the NW corner of South America.  As previously discussed (CHAPTER 4), the 
offshore South Caribbean Deformed Belt is the result of a continuous process of oblique 
subduction in response to the eastern movement of the Caribbean Plate in relation to South 
America.  This eastern movement of the Caribbean Plate results in strain partitioning and 
dextral strike-slip systems in the north and north-western margin of the South American 
Plate.  The most significant of these fault systems is the Oca-Ancon-El Pilar Fault System, 
which strikes W-E along northern Colombia and Venezuela (Figure 5.1).  The western 
segment of this dextral fault system (i.e. the Oca Fault), forms the sharp-northern boundary 
of the Santa Marta Massif, crosses the Guajira Peninsula, and continues into the northern 
area of the Maracaibo Gulf.  The termination of the western end of the Oca Fault System is 
not clear; it is assumed to finish at different splays close to the Santa Marta city, including the 
Jordan Fault within the NW corner of the Santa Marta Massif (Audemard, 1996) and an 
offshore splay that causes the development of the Aguja Canyon (Restrepo-Correa and 
Ojeda, 2010). 
 
The Bahia Basin is located directly in front of the NW corner of the Santa Marta Massif, which 
is also the termination of the left-lateral, SE-NW trending Santa Marta-Bucaramanga Fault 
(Figure 5.1).  It is interesting to note that there is no seabed expression or evidence of 
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faulting within the area of the Bahia Basin at the tip of these major regional strike-slip fault 
systems.  Although the overall timing and structural styles of several basins along the South 
Caribbean margin have been previously analysed (e.g. Escalona and Mann, 2011; Mann and 
Escalona, 2011; and references therein), the structural styles and basin evolution at the 
western end of this margin has not been clearly understood and are generally only described 
at a regional scale.  
 
This chapter describes the structural geometry, timing and evolution of extensional and 
strike-slip faults affecting the middle Eocene to Holocene Bahia Basin, offshore the NW 
corner of the Santa Marta Massif and east of the Magdalena Fan, using regional 2D seismic 
data and recently-acquired 3D seismic reflection data and well data.  The Bahia Basin is 
located ca. 60 km behind the South Caribbean Deformed Belt, and is the westernmost 
example of strike-slip deformation within the South Caribbean margin.  The basin is bounded 
by faults A, C and D, and is crossed by the NE-SW trending Bahia Fault (i.e. Fault B) which 
separates a main deeper depocentre towards the SE (Figure 5.1).  As discussed in the 
previous chapter, Faults A, B, C and D are the most important structures within the Bahia 
Basin and will be the focus of this chapter.  These fault zones show major extensional and 
strike-slip activity until late Miocene to early Pliocene times and were then covered by Plio-
Pleistocene sedimentation when basin inversion took place.  This chapter therefore analyses 
the evolution of the Bahia Basin from middle Eocene to early Pliocene times, and the 
following chapter deals with the most recent history of the basin.  The analysis is focused on 
the interpretation of the 3D seismic data, as it is ideally located to image the Bahia Fault (i.e. 
Fault B) as well as the evidence for strike-slip deformation.  2D seismic data are also 
interpreted and helps to describe the geometry of fault zones A, C and D because these are 
only partially imaged by the 3D seismic volume.  In order to understand the geological 
evolution of the Bahia Basin, the analysis of fault zones is coupled with a detailed description 
of the seismic stratigraphic units observed within the Bahia Basin.  
 
The study of the Bahia Basin allows me to investigate: (1) the kinematics of deformation in an 
oblique subduction setting, (2) the development of transpressional/transtensional basins at 
the rear of an accretionary wedge, and (3) the interaction of extensional and strike-slip faults 
and development of a pull-apart basin in an oblique compressional basin. 
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Figure 5.1.  Location of the study area.  The Bahia Basin is located in front of the NW corner of the Santa Marta Massif, at the end of two regional strike-slip fault systems: the E-
W trending Oca-Ancon-El Pilar Fault System (OF, AF, PF), and the NW-SE trending Santa Marta-Bucaramanga Fault (SM-BF).  Faults A, B, C and D are the main faults observed in 
the Bahia Basin. 
Chapter 5 – Bahia Basin and strike-slip deformation  
 
105 
 
 
Figure 5.2.  Stratigraphic chart indicating the key seismic reflection events and seismic stratigraphic units mapped within the study area and tied to the Araza-1 well.  Ages are 
calibrated to the biostratigraphic zonation by Berggren et al., 1995.  The stratigraphic position of key time-structure maps (i.e. Figs 5.5-5.8) and thickness (isochron) maps (Fig. 
5.17) presented in the text are also shown. 
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Figure 5.3.  Bathymetry and dip-attribute map from the Bahia Basin area.  This image highlights the surface expression of mud volcanism and deep-water channels from the 
Magdalena Fan.  The blue square shows the location of the 3D seismic survey.  The blurry area close to the shoreline correspond with low image resolution.  The contour 
interval is 200 m.
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5.2. Seismic interpretation and tectono-stratigraphic units 
Several unconformities can be interpreted in the seismic data, including regional 
unconformities that divide the basin into a series of tectono-stratigraphic units (e.g. Duarte 
et al., 2006).  However, the active and extensive mud volcanism and the highly complex 
structural setting hinder the interpretation, especially in the deeper pre-Oligocene section.  
Data from the only well drilled within the area of the 3D seismic survey is used to constrain 
the ages of the sedimentary sequence.  Five surfaces are tied to well data (Figure 5.2): the 
seabed (Figure 5.3), an intra-Pleistocene horizon (Figure 5.4), the upper Miocene to lower 
Pliocene unconformity (Figure 5.5), the middle Miocene unconformity (Figure 5.6), and the 
late Oligocene to early Miocene unconformity (Figure 5.7).  A sixth and deepest surface, 
below of the well TD, is interpreted as the middle Eocene unconformity (Figure 5.8) because 
of its strong seismic response and the correlation with similar events observed in the NW 
corner of South America (e.g. Pindell and Kennan, 2009; Escalona and Mann, 2011).  Figure 
5.9 summarizes the 3D seismic interpretation of the main seismic units and illustrates the 
general geometry of the Bahia Basin and main faults. 
 
5.2.1. Seabed  
The seabed-slope and bathymetry map in the area of the Bahia Basin (Figure 5.3) shows the 
location of the 3D seismic survey in the upper continental slope, at depths between ca. 150 
m below sea level in the south corner of the survey and 1300 m below sea in the north 
corner.  On seismic data (e.g. Figure 5.10), the seabed corresponds to a trough or negative 
event (displayed in white), and reflects a downward increase in acoustic impedance (i.e. SEG 
reverse polarity).  Geographically, the area of the basin has high areas in the SW and east.  
Towards the SW, the shelf area is affected by the Recent progradation of the Magdalena Fan 
(e.g. Romero, 2009) over a paleo-high called the “Barranquilla high” which has been 
described as the northern extension of the San Jacinto Fold Belt (e.g. Duque-Caro, 1979; 
Flinch et al., 2003a; Duarte et al., 2009).  Towards the east, the offshore extension of the 
Santa Marta Massif stands out.  The surface is disrupted by the presence of mud volcanoes, 
mainly located in the north-western part of the survey.  Deep-water turbidity channels came 
from the Magdalena Fan in the south and southwest.  It is interesting to note that despite its 
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location at the end of major fault systems, there is no evidence of active strike-slip faulting 
related to the Oca and Santa Marta faults affecting the seabed in the study area. 
 
 
 
Figure 5.4.  Intra-Pleistocene time-structure map.  The observed geometry of the time-structure map is similar to 
that of the modern seabed bathymetry. The seabed is shown to deepen towards the north and is enclosed by 
structural highs in both the east and SW.  The disturbances on the surface correspond to the presence of mud 
volcanoes that are also observed at the seabed.  The contour interval is 100 ms TWT. 
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Figure 5.5.  A) Upper Miocene to lower Pliocene unconformity time-structure map.  There is a main structure trending NE-SW, separating the high blocks in the NW from the 
main depocentre in the SE.  The depocentre is bounded to the east by a high block striking S-N, which is related to the recent uplift of the Santa Marta Massif.  The contour 
interval is 100 ms TWT.  The lines in grey are shown in Fig. 5.9.  B) Structure map showing the main faults that affect this surface.  Faults A, C and D form the boundaries to the 
Bahia Basin.  Fault B (Bahia Fault) is formed by three main segments.  The lines in grey show the location of seismic profiles in Figures 5.10 to 5.16. 
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Figure 5.6.  A) Middle Miocene unconformity time-structure map.  The main depocentre of the Bahia Basin is clearly visible; this is bounded by high areas in the south and in the 
east, and the NE-SW striking Bahia Fault in the north-western side.  A major truncation event marks the western boundary.  The contour interval is 100 ms TWT.  The lines in 
grey are shown in Fig. 5.9.  B) Structure map showing the main faults that affect this surface.  Subsidiary faults X, Y and Z appear on the footwall of the Bahia Fault.  The lines in 
grey show the location of seismic profiles in Figures 5.10 to 5.16.  
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Figure 5.7.  A) Upper Oligocene to lower Miocene unconformity time-structure map.  The main depocentre of the Bahia Basin is preserved; this is enclosed by structural highs in 
the south and in the east, and the NE-SW striking Bahia Fault in the north-west.  The contour interval is 100 ms TWT.  The lines in grey are shown in Fig. 5.9.  B) Structure map 
showing the main faults that affect this surface.  The Bahia Fault is amalgamated into a single fault plane.  The lines in grey show the location of seismic profiles in Figures 5.10 
to 5.16. 
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Figure 5.8.  A) Middle Eocene unconformity time-structure map.  The main depocentre of the Bahia Basin is preserved; this is enclosed by structural highs in the south and in the 
east, and the NE-SW striking Bahia Fault in the north-west.  The contour interval is 100 ms TWT.  The lines in grey are shown in Fig. 5.9.  B) Structure map showing the main 
faults that affect this surface.  The Bahia Fault is amalgamated into a single fault plane.  The lines in grey show the location of seismic profiles in Figures 5.10 to 5.16. 
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Figure 5.9.  Cross sections through the 3D seismic survey showing the general geometry of the Bahia Basin and main fault zones.  Cross-lines A to H are oriented NW-SE, and 
in-lines I to M are oriented SW to NE.  For location see Figures 5.5 to 5.8.  Vertical exaggeration ≃ 1.3.
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5.2.2. Intra-Pleistocene horizon 
The intra-Pleistocene horizon corresponds to a peak (displayed in black) and it is the deepest 
reflection that has a complete seismic continuity through the whole survey.  In the 
intersection with the Araza-1 well, this reflection is at 850 ms (TWT) below sea level and 80 
ms above the marker labelled late Pliocene to Pleistocene, which is why an intra-Pleistocene 
age is assigned to this surface (Figs 5.10 and 5.11).  The time-structure map (Figure 5.4) is 
broadly similar in shape to the seabed, deepens from SW to NE and is disrupted by mud 
volcanism mainly located in the north-western side of the survey.  The U-shape of the basin 
is preserved, albeit smaller, and shows a slight S-N aligned depression in front of the eastern 
high.  The eastern high is cut by a channel-like depression, which is also observed in the 
seabed surface map, suggesting the presence of a possible deep-water channel flowing from 
the Santa Marta Massif in SE-NW direction.  As with the seabed surface, the Intra-Pleistocene 
time-structure map shows no clear evidence of active strike-slip faulting in the area. 
5.2.3. Upper Miocene to lower Pliocene unconformity 
Below the intra-Pleistocene horizon, the next important surface that can be mapped 
relatively continuously through the area of the survey is the upper Miocene to lower Pliocene 
unconformity (UMLPU) (Figure 5.5A).  This surface is tied to the top of the Miocene in the 
Araza-1 well (green horizon in e.g. Figs 5.2, 5.10 and 5.11).  Because of its character as an 
unconformity, the interpretation of this reflector is not tied to a specific reflector (peak or 
trough) so it changes in different areas of the survey.  In general, the UMLPU time-structure 
map (Figure 5.5A) shows a complex structure configuration with the presence of several 
highs and lows and a range in time between 1400 ms and 5000 ms (TWT). Fault zones A and 
C are identified towards the north-western and southern margins of the basin, respectively.  
A main fault structure (Fault B - Bahia Fault) crosses the central portion of the survey from 
SW to NE.  This fault is the south-eastern boundary of two highs located in the middle of the 
area of study; further to the north the fault steps to the left and bounds a northern high 
(southern-SH, central-CH and northern highs-NH in Figure 5.5B).  Towards the SE of the 
Bahia Fault, there is a main depocentre area, which is also bounded by highs to the south 
and to the east.  These boundaries resemble those observed on intra-Pleistocene and seabed 
maps (Figs 5.3 and 5.4). 
Chapter 5 – Bahia Basin and strike-slip deformation  
 
115 
 
 
Figure 5.10.  Seismic line K (above), and interpretation (below), crossing the location of the Araza-1 well.  This shows the six surfaces interpreted within the 3D seismic volume, 
from top to bottom: seabed horizon (purple), intra-Pleistocene horizon (yellow), upper Miocene to lower Pliocene unconformity  (green), middle Miocene unconformity (light 
blue), upper Oligocene to lower Miocene unconformity (magenta) and middle Eocene unconformity (orange).  For location, see Figures 5.5 to 5.8.  Vertical exaggeration ≃ 1.3.  
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Figure 5.11.  Seismic Line C (above), 
and interpretation (below), crossing 
the location of the Araza-1 well.  The 
UMLPU (green) is relatively easy to 
interpret on the northern side of the 
Bahia Fault (B) where it is tied to the 
Araza-1 well with a late Miocene age. 
Towards the SE, the UMLPU lies 
within a depocentre bounded by two 
highs; here, it is difficult to pick the 
location of the UMLPU because of 
the normal and inverse displacement 
of the Bahia Fault.  For location, see 
Figures 5.5 to 5.8. Vertical 
exaggeration ≃ 1.3.
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Figure 5.12.  Seismic Line E (above), 
and interpretation (below).  The 
section crosses the central area of 
the survey, over a relay zone 
between the southern and central 
highs, where the Bahia Fault zone is 
composed of two normal faults 
dipping to the SE.  The UMLPU 
(green) and MMU (blue) are 
interpreted between the step-faulted 
blocks.  Deeper, the late Oligocene 
unconformity (magenta) is 
interpreted as the top of the 
overpressured shale source of the 
mud volcanism.  The orange line is 
interpreted as the older regional 
unconformity (MEU) defined by the 
angular unconformity (AU) between 
pseudo-planar reflections above and 
folded non-continuous reflections 
below.  For location, see Figures 5.5 
to 5.8.  Vertical exaggeration ≃ 1.3. 
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Figure 5.13.  A)  Arbitrary lines (above), and interpretation (below), across the relay zone between the central and northern segments of the Bahia Fault.  Vertical exaggeration ≃ 
2.7.  B) (next page)  Arbitrary seismic line (above), and interpretation (below), through the relay zone between the central and northern segments of the Bahia Fault.  For 
location see Figures 5.5 to 5.8.  Vertical exaggeration ≃ 1.3. 
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Figure 5.14.  Arbitrary seismic line 
(above), and interpretation (below).  
The section crosses the southern 
portion of the central high where 
the Bahia Fault is composed of a 
normal fault dipping to the SE that 
bounds the main depocentre in the 
southern area.   The northern side of 
the fault is characterised by close-
spaced normal faults capped by the 
UMLPU (green).  Deeper, the middle 
Eocene unconformity (MEU) is 
interpreted using the angular 
relationship of the reflectors.   In the 
southern side of the fault, the 
UMLPU is interpreted using a slight 
unconformity observed in the 
deepest part of the depocentre, and 
a deeper unconformity is interpreted 
as the middle Miocene unconformity 
(MMU).  For location, see Figures 5.5 
to 5.8.  Vertical exaggeration ≃ 1.3.
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Figure 5.15.  Seismic Line J (above), and interpretation (below).  Seismic interpretation shows a thinning of the Miocene units (SSU 3-4) towards the SW, together with a 
thickening of the Oligocene unit (SSU2).  Fault X is interpreted as an inverted negative flower structure.  For location, see Figures 5.5 to 5.8.  Vertical exaggeration ≃ 1.3. 
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Figure 5.16.  Seismic Line M (above), and interpretation (below).  Seismic interpretation shows two main faults bounding the Bahia Basin; Fault C to the south, and Fault D to the 
east.  The middle Eocene unconformity (MEU) is easily interpreted from deep, high-amplitude reflectors within the high blocks bounding the Bahia Basin.  For location, see 
Figures 5.5 to 5.8.  Vertical exaggeration ≃ 1.3. 
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The deepest area of the broadly triangular-shaped depocentre is towards the east in front of 
Fault D.  Towards the west, the basin shallows in a series of steps produced by east-dipping 
normal faults until it reaches Fault C as the main boundary (Figure 5.5B). 
 
This unconformity is a complex surface that is not easy to interpret throughout the whole 
seismic volume.  The main observation that defines the location of the UMLPU is the strong 
difference in the seismic character below and above the unconformity.  Below the 
unconformity the imaging is less clear and a high density of low displacement normal faults 
disrupts the seismic response, whereas above the UMLPU the reflections are clearer, 
continuous and rarely affected by faulting (e.g. Figs 5.10 and 5.11). The highs to the NW area 
of the Bahia Fault are the footwalls of early normal faults that are now partially inverted, and 
bound a deep basinal area to the south (Figs 5.11 and 5.12).  Northwest of the fault, the 
UMLPU is relatively easy to follow because of the presence of onlap and toplap truncations 
of the reflectors (Figs 5.10, 5.11, 5.12).  However, as the offset on the Bahia Fault is not easy 
to identify, it is difficult to trace where the unconformity lies within the adjacent basin.  In 
places, there appears to be no correlative unconformity suggesting that deposition 
continued across this unconformity in the basin lows (Figure 5.12).  For this reason, the 
interpretation of the UMLPU in the main basinal area is uncertain, and the position of the 
interpreted surface well might be deeper, especially in the deeper areas of the basin. 
 
The current interpretation is consistent throughout the whole 3D seismic volume and it is 
supported by the interpretation along the relay zones of the Bahia Fault, where the UMLPU 
can be followed from the footwall (highs) to the hangingwall (main depocentre).  As an 
example, Figure 5.13 shows the seismic interpretation across the relay zone between the 
central and northern highs.  At this relay zone, the Bahia Fault steps to the left ca. 2.7 km at 
the level of the UMLPU.  The succession of NW-SE seismic lines (Figure 5.13A) illustrates the 
development of the relay zone from SW to NE; starting from the SW, the vertical 
displacement between the footwall and the hangingwall is accumulated along the central 
segment and progressively shifts to the northern segment of the Bahia Fault.  A 
perpendicular section (Figure 5.13B), shows the continuity of the UMLPU along the relay 
ramp between the two fault segments (see also the northern part of In-Line 1517 in Figure 
5.10) and its continuation into the basinal area in the hangingwall of the fault.  Seismic 
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interpretation across the relay zone is constrained by the presence of onlap truncations that 
characterise the thick Plio-Pleistocene sequence, above the unconformity, and disrupted 
reflections that describe the highly faulted and deformed pre-late Miocene seismic units, 
below the unconformity. 
 
5.2.4. Middle Miocene unconformity 
Below the UMLPU a local angular unconformity is identified on seismic data (e.g. blue 
surface on Line 1517 – Figure 5.10 and Trace 1570 – Figure 5.11), although 
micropaleontological data from the Araza-1 well does not report a hiatus (Figure 5.2).  Here 
sub-horizontal, parallel and continuous reflections above the middle Miocene surface overlie 
a synformal structure with sediments of lower to middle Miocene age.  This synformal 
structure is drilled by the Araza-1 well and is located in the same area of the southern high 
observed in the UMLPU time-structure map (compare Figs 5.5 and 5.6).  Outside of this area, 
this surface is mapped following the base of the sub-horizontal upper Miocene sequence, 
the identification of onlap and toplap truncations, and the presence of a similar synformal 
structure observed in the hanging wall of the Bahia Fault (Figure 5.14). 
 
The middle Miocene unconformity (MMU) time-structure map (Figure 5.6A) shows a very 
similar geometry to the UMLPU.  A main triangular depocentre is preserved on the south-
eastern side (i.e. hanging wall) of the Bahia Fault, bounded by high areas towards the east 
and south.  On the north-western side of the fault (i.e. footwall), the southern, central and 
northern highs are preserved.  However, towards the western side of the study area (Figure 
5.6), the MMU disappears as sediments below the unconformity have either been eroded by 
the UMLPU or onlap against an older unit (e.g. Figs 5.11 and 5.15).  The Miocene sequence is 
affected by a large amount of small-displacement normal faults; the faults with larger 
displacement are shown in Figure 5.6B.  The Bahia Fault is the most prominent fault in the 
area.  In the footwall of the Bahia Fault, Fault X displays a sigmoidal shape that appears to 
connect the Bahia Fault in the south with Fault A in the north (Figs 5.6B, 5.11 and 5.15).  Two 
separate groups of northeast-dipping normal faults are present in the northern and southern 
corners of the study area.  The northern ones terminate at a NE-SW bounding fault (Fault Z).  
The trend of these faults suggests that they extend outside the survey area towards the 
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northern extension of Fault A.  The southern group of faults, in the shallowest area of the 
main depocentre, is bounded by the Bahia Fault in the NW and Fault C towards the south. 
 
5.2.5. Upper Oligocene to lower Miocene unconformity (Top of mobile shale) 
The bottom of the Araza-1 well reaches the top of the Oligocene, which defines the base of 
the synformal structure observed in seismic data (Figs 5.10 and 5.11).  Below this event, dim 
and chaotic reflections characterise the Oligocene seismic unit.  This type of seismic 
signature is interpreted as being overpressured shale, which has been described as the 
source of the extensive mud volcanism observed in the region (e.g. Duque-Caro, 1979; 
Vernette et al., 1992; Ruiz et al., 2000).  This is supported by the identification of mud 
volcanoes within the area of the 3D seismic survey, and the interpretation of a deep source, 
below the Miocene sequence (e.g. Figs 5.12, 5.14 and 5.15). 
 
The main depocentre of the Bahia Basin to the SE of the Bahia Fault is evident on the upper 
Oligocene to lower Miocene unconformity (UOLMU) time-structure map (Figure 5.7A).  The 
prominent highs in the east and south of the Bahia Basin are still very evident.  The map also 
shows isolated highs related to the presence of mud volcanoes, and an extensive high 
towards the NW which is associated with the large amount of mud volcanoes observed in 
this area.  A main difference compared to previous maps is the absence of isolated highs on 
the footwall of the Bahia Fault.  Figure 5.7B shows the main faults that affect this 
unconformity, which are similar to the ones observed in the MMU map.  However, the Bahia 
Fault is interpreted as having one main trace instead of the three different segments, 
suggesting the amalgamation of segments with increasing depth. 
 
5.2.6. Middle Eocene Unconformity 
A deeper unconformity is also present in the dataset (Figure 5.2), beneath which the strata 
are folded indicating an earlier phase of folding and shortening.  This angular unconformity 
(AU) is clearly shown on Figure 5.12 (see also Figs 5.14 and 5.15).  This unconformity is 
interpreted to be middle Eocene in age and is most likely related to an important phase of 
deformation, uplift and erosion occurring on the NW corner of South America during middle 
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to late Eocene times (e.g. Duque-Caro, 1984; Villamil, 1999; Gómez et al., 2003, 2005; Pindell 
and Kennan, 2009; Montes et al., 2010 – see CHAPTER 2). 
 
The middle Eocene unconformity (MEU) is present in the central area of the survey, on the 
north-western side of the Bahia Fault (Figs 5.12, 5.14 and 5.15).  Here a clear angular 
relationship is observed between the deformed pre-middle Eocene strata and the overlaying 
Oligocene to Miocene sequence.  Unfortunately, the clear image of the angular unconformity 
is restricted to this central area.  For this reason, the decision to extend the interpretation of 
the middle Eocene unconformity along the footwall of the Bahia Fault is the consideration of 
this surface as the base of the overlaying overpressured-shale sequence of Oligocene age.  
Thus, the middle Eocene unconformity is interpreted at the boundary between the dim and 
chaotic reflections of the Oligocene above, and the presence of strong and continuous 
reflections below (e.g. Figure 5.15).  On the south-eastern side of the Bahia Fault (Figure 
5.16) the MEU is identified in the high areas to the east (Santa Marta Massif) and south 
(Barranquilla high) that bound the main basinal area.  In these high areas, the middle Eocene 
unconformity corresponds to a very strong event at the base of the Oligocene to Miocene 
sequence, where onlap geometries are also present.  This strong reflectivity may respond to 
the presence of limestones that have been described onshore at the top of the Eocene 
sequence (Fms. Maco, Chengue and Arroyo de Piedras; e.g. Duque-Caro, 1984; Laverde, 
2000; Flinch, 2003; Duque-Caro, 2006; Guzmán, 2007; Rincón et al., 2007). 
 
The Bahia Basin has a simpler geometry on the middle Eocene unconformity time-structure 
map (Figure 5.8A), with the presence of faults that bound the different structural blocks 
(Figure 5.8B).  For example, the Bahia Fault is a continuous fault with clear footwall and 
hanging wall blocks; the footwall can be divided into three main blocks, i.e. southern, central 
and northern, separated by faults X and Y; furthermore, Fault Z might also subdivide the 
northern block into two sub-blocks. 
 
5.2.7. Sedimentary and tectonic interpretation of seismic-stratigraphic units 
Six seismic-stratigraphic units are defined between the mapped surfaces (SSUs – Figure 5.2).  
From oldest to youngest these are:  1) A deep folded sequence capped by a regional 
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unconformity of possibly middle Eocene age; 2) A poorly internally defined and chaotic unit 
interpreted as middle Eocene to upper Oligocene aged shale; 3) A unit affected by dense 
normal faulting and abrupt changes in thickness of upper Oligocene to middle Miocene age; 
4) A unit also characterised by dense normal faulting of middle Miocene to upper Miocene-
lower Pliocene age; 5) An upper Miocene-lower Pliocene to Pleistocene unit of syntectonic 
sedimentation and 6) A shallow, thin, undeformed sequence of Pleistocene to Recent 
sediments.  Time thickness (isochron) maps were calculated between the main seismic 
stratigraphic units in order to reveal structural and depositional trends (Figure 5.17). 
 
5.2.7.1. Pre-middle Eocene (SSU 1) 
The early Paleogene sequence is interpreted as the underlying unit of the Bahia Basin, 
although no well in the Colombian offshore has confirmed its presence.  However, Paleocene 
and early Eocene sediments have been drilled in the adjacent Plato-San Jorge Basin and have 
also been carefully described in the outcropping sections of the San Jacinto Fold Belt (e.g. 
Duque-Caro, 1979; Flinch, 2003; Guzmán, 2007).  This sequence has been described as 
hemipelagic shale with interbedded turbiditic sandstones and conglomerates of the San 
Cayetano and Carreto Formations overlain by Eocene reefal limestone of the La Risa 
Formation.  In the central area of the Bahia Basin, the pre-middle Eocene sequence is clearly 
interpreted as a folded section capped by an angular unconformity (Figs 5.12, 5.14 and 5.15).  
This deformation is interpreted as the offshore extension of the San Jacinto Fold Belt, which 
has a regional NE-SW trend along the NW Colombian shoreline but has not been described 
offshore; however, previous studies (e.g. Escalona and Mann, 2011b) have suggested its 
continuation in the area of the Bahia Basin. 
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Figure 5.17.  Isochron maps for the Bahia Basin.  A) The middle Eocene to upper Oligocene (SSU 2) map illustrates thickness variations in the shale-rich unit.  The isochron map 
highlights a thick package to the north-western side of the survey and a notably thinner package in the vicinity of the Bahia Basin.  B) The upper Oligocene to middle Miocene 
(SSU 3) map shows the development of localised depocentres (minibasins 1 to 4) towards the axis of the Bahia Basin.   
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Figure 5.17 (continuation).  C) Middle Miocene to Upper Miocene (SSU 4) map shows the development of a main depocentre SE of the Bahia Fault, although local depocentres 
are still preserved on the NW side.  D) The upper Miocene to Pleistocene (SSU 5) shows a shift in the main depocentre towards the east, indicating control of Fault D. 
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Figure 5.17 (continuation).  E) Pleistocene to Recent (SSU 6) map shows thickening towards the west related to 
the Recent activity of the Magdalena Fan.  
 
 
5.2.7.2. Middle Eocene to upper Oligocene (SSU 2) 
Seismic-stratigraphic unit 2 (SSU 2) corresponds to the shale-rich section that has been 
generally described as the source of the mud volcanism observed along the north-western 
Colombian shoreline.  The isochron map of SSU 2 (Figure 5.17A) shows a rather thin unit (i.e. 
<500 ms TWT) in the centre of the Bahia Basin, with thicker areas towards the borders of the 
basin, particularly towards the NW, where most of the mud volcanism is observed.  This 
would support a hypothesis of mobile shale being expelled to surrounding areas in response 
to the subsequent loading of sediments in the Bahia Basin from Miocene to younger times. 
 
5.2.7.3. Upper Oligocene to middle Miocene (SSU 3) 
In contrast to SSU 2, the isochron map of the lower Miocene section (SSU 3, Figure 5.17B) 
shows an increase of thickness towards the basin axis, particularly in the north-western side 
of the Bahia Fault.   This thickening is evidence of fault control in the evolution of the basin 
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during early Miocene times.  Furthermore, areas of high thickness (>1000 ms TWT) in SSU 3 
are localised depocentres (minibasins 1 to 4, MB1-4 in Figure 5.17B) where the underlying 
shale unit (SSU 2) is thin; this supports the hypothesis of mobile shale during the initial 
stages of the Bahia Basin (MB1-4 in Figure 5.17B).  An example can be seen in the localised 
minibasin drilled by the Araza-1 well (MB1 on Figure 5.17, see also Figs 5.10 and 5.11).  In 
this minibasin, the maximum thickness is observed on the western side of the Fault X and 
progressively decreases towards the west and NW; correspondingly, the Oligocene-shale 
unit (SSU 2) thickens in the same direction (Figure 5.17A). 
 
5.2.7.4. Middle Miocene to Upper Miocene (SSU 4) 
The isochron map of the upper Miocene section (Figure 5.17C) shows the initiation of 
significant sediment accumulation to the south of the Bahia Basin, localised on the 
hangingwalls of the southern and central segments of the Bahia Fault.  However, some 
depocentres are still preserved on the footwall (NW) of the fault.  The minibasin in the Araza-
1 well area (MB1) continues increasing its thickness controlled by Fault X.  Minibasins 2 and 3 
are amalgamated into one larger depocentre on the footwall of the central segment of the 
Bahia Fault (MB2-3), and minibasin 4 is preserved, albeit smaller, in the footwall of the 
northern segment.  Towards the south, the decrease in thickness suggests that the 
deposition is controlled by Fault C, but Fault D has not formed yet. 
 
5.2.7.5. Upper Miocene to Pleistocene (SSU 5) 
Between the UMLPU and the intra-Pleistocene horizon there is a sedimentary sequence 
characterised by the presence of large amounts of growth strata packages bounded by 
multiple local unconformities that in most cases are not continuous through the whole 
survey (e.g. Figure 5.10).  These growth strata packages are the evidence of active tectonic 
activity from late Miocene to Pleistocene times, and are discussed in more detail CHAPTER 
6. 
 
The isochron map (Figure 5.17D) shows the expansion of the main depocentre in the south-
eastern side of the Bahia Fault.  This main basinal area deepens towards the east next to 
Fault D, reaching thickness greater than 3000 ms TWT.  The south-western extension of the 
basin continues growing between Fault C and the Bahia Fault, reaching thickness between 
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2000 and 2700 ms TWT.  In the footwall of the Bahia Fault, previous depocentres are now 
accumulating less sediments (<1000 ms TWT) and coincide with the high areas observed in 
the UMLPU time-structure map (SH, CH and NH in Figure 5.5).  However, a series of new 
small and N-S elongated depocentres have formed, in the hangingwall of Fault A towards 
the NW. 
 
5.2.7.6. Pleistocene to Recent (SSU 6) 
The isochron map of SSU 6 (Figure 5.17E) shows a thick area towards the west, which is 
interpreted as the Recent deposition of the Magdalena Fan.  A local depocentre aligned S-N 
in the eastern side of the basin may represent control of Fault D, while an isolated 
depocentre in the centre of the basin may represent some control of the Bahia Fault.  
Thinner section on the north-western side of the survey can be correlated to the large 
amount of mud volcanism observed in this area, which suggests activity along Fault A. 
 
5.3. Main faults in the Bahia Basin area 
Seismic and structural interpretations of the different tectono-stratigraphic units defined four 
main fault zones in the area of the Bahia Basin: Fault A, Fault B or Bahia Fault, Fault C, and 
Fault D (see also CHAPTER 4).  This section describes the geometry of these main faults 
starting with faults A, C and D, which form the main boundaries to the Bahia Basin, followed 
by the Bahia Fault, which is described in more detail (Figure 5.18). 
 
5.3.1. Structural geometry of Fault A 
Fault A is a NE-SW trending fault of ca. 70 km long that forms the north-western boundary 
of the Bahia Basin.  This fault zone might be formed by linking fault segments that have been 
previously interpreted on the regional 2D seismic and bathymetry data that shows the 
alignment of mud volcanoes (CHAPTER 4).  The presence of mud volcanoes, suggests that 
overpressured mud at depth is using the fault zone as a conduit to release pressure and 
escape to the surface (Figs 5.3 and 5.4).  In the subsurface, this fault is defined by the 
extensional displacement of the UMLPU (Figure 5.5), the thickening towards the south of the 
Plio-Pleistocene units (i.e. SSU 5 and 6) within the Bahia Basin, and the normal offset of the 
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dim and chaotic reflections that characterises the overpressured-shale section of late 
Oligocene to early Miocene age (i.e. SSU 2). 
  
To the southwest, in front of the Barranquilla high area, Fault A is parallel to the trend of the 
coastline and shelf break (Figure 5.18).  Figure 5.19 shows a regional 2D seismic line where 
Fault A is the northern boundary of the narrow Bahia Basin, located at the rear of the South 
Caribbean Deformed Belt, and has a normal offset of ca. 800 ms TWT at the UMLPU level.  
Only a portion of the fault is imaged within the 3D dataset (Figure 5.9A-E).  Additionally, 
due to the low seismic quality at the border of the survey and the presence of large amounts 
of mud volcanism in this area, Fault A is not easy to identify within the 3D seismic volume.  
Here, the fault is interpreted based on seismic truncations and changes in seismic patterns.  
These changes are mainly identified using the chaotic and dim seismic response of the 
overpressured-shale section of Oligocene age that is tied to the presence of mud volcanoes.  
The fault is planar, high-angle, dipping at 70-90o towards the southeast, and shows a 
consistent extensional displacement on maps from middle Eocene to lower Pliocene times, 
with a maximum vertical displacement of ca. 500 ms TWT at the middle Eocene unconformity 
level.  In the middle sector of the survey, the fault may link with a different segment as it 
curves northwards in map view outside of the 3D seismic survey.  In this area, Fault A seems 
to intersect with Fault X (Figs 5.5 to 5.8, 5.9E and 5.9I, 5.12 and 5.14). 
 
As described in the previous chapter, the Fault A strikes NE but shows slight dip variations 
and linkage with other fault segments.  In Figure 5.20, through the widest part of the Bahia 
Basin, Fault A exhibits a decrease in the dip angle to as low as ca. 45o although the normal 
offset at the UMLPU level is ca. 400 ms TWT.  The hangingwall of the fault shows an anticline 
structure, evidence of an inversion process that may cause the rotation of the fault plane and 
the decrease in the dip angle to facilitate the inversion.  However, as with the south-
westernmost section (Figure 5.19), Fault A is interpreted as having dip-angles increasing 
with depth, and a deep root into the subduction zone, similar to other strike-slip faults within 
the Bahia Basin (Figure 5.20). 
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Figure 5.18.  Location of main faults in the Bahia Basin.  Faults A, C and D are the boundaries of the Bahia Basin.  The shaded area shows the extent of the basin.  Well a: Araza-1; 
well b: Barranquilla-1; well c: Cienaga-1.
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Figure 5.19.  2D regional lines AC-1999-G13 (NW-SE) and L-1984-316 (N-S).  This section illustrates the south-westernmost extension of Faults A and C located at the rear of the 
South Caribbean Deformed Belt.  Both faults are deep-rooted into the subduction zone and are the boundaries of the narrow Bahia Basin.  Barranquilla-1 well is projected 12 
km, and helps to tie upper Miocene, middle Miocene and upper Oligocene unconformities.  For location see Figure 5.18. 
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Figure 5.20.  2D line AC-1999-G1 merged with 3D seismic volume.  The Bahia Basin is located at the rear of the South Caribbean Deformed Belt (SCDB) in an area affected by 
deep-rooted strike-slip faults.  Fault A is the north-western boundary of the basin; although it displays a normal displacement, bending of Miocene strata implies some 
inversion along the fault.  Fault C is the southern boundary of the basin, although it is affected by the latest displacement along Fault D.  The Bahia Fault (B) is the main intra-
basinal fault and bounds a main depocentre towards the south-eastern side of the basin.  For location see Figure 5.18.
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5.3.2. Structural geometry of Fault C 
Fault C is an E-W trending fault zone located at the southern boundary of the Bahia Basin.  
The fault is partially imaged by the 3D seismic volume and the general geometry of the fault 
is depicted from 2D seismic lines shown on CHAPTER 4.  Detailed observations within the 
3D seismic survey show that the fault is composed by multiple fault segments that are 
amalgamated into a main fault zone forming a stepped transition between the shelf (i.e. 
Barranquilla high) to the south and the Bahia Basin towards the north associated with a 
notable thickening of the lower Pliocene to Recent sequence.  This fault is mainly defined by 
the extensional displacement observed on the UMLPU although it also affects older rocks 
along the main fault segment (Figs 5.5 to 5.9). 
 
Fault C is ca. 60 km long from the intersection with Fault A in the west to the truncation with 
Fault D towards the east.  Further east, the Oca Fault System is interpreted as the current 
continuation of Fault C (Figure 5.18).  Figure 5.19 shows the western end of the Bahia Basin, 
where the UMLPU has a normal offset of ca. 800 ms TWT throughout two stepped segments 
of Fault C; both segments are dipping north at high angle (>70o) and join together into a 
main basement fault at ca. 5000 ms TWT.  Towards the east, sections in Figure 5.9 (A-D and 
L-M) show low-angle normal faults in the southern boundary of the Bahia Basin (bear in 
mind the obliquity of the sections), dipping towards the axis of the basin and joining the 
Bahia Fault in depth.  Figure 5.21 shows a series of 2D-3D merged sections perpendicular to 
Fault C to illustrate the southern margin of the Bahia Basin and the variations of the fault 
along strike.  Firstly, a vertical throw of ca. 1000 ms TWT at UMLPU level is divided along four 
high angle normal faults (>70o) dipping north, where the northernmost segment joins with 
Bahia Fault at ca. 5000 ms TWT (Figure 5.21A).  Further east, Figure 5.21B shows a main 
depocentre between the Bahia Fault and Fault C, where the vertical throw at UMLPU level 
increases to ca. 1500 ms TWT along a complex area with multiple segments within Fault C; an 
oblique fault joins Fault C with the Bahia Fault at ca. 4800 ms TWT.  As the Bahia Basin 
widens towards the east (Figure 5.21C), the extension along Fault C is taken up along 
several sub-parallel normal faults.  In general, the faults have a planar geometry, high dips 
(>70o), affect the entire pre-upper Miocene sequence to the basement, and have 
accumulated a maximum vertical throw of ca. 3200 ms TWT. 
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Figure 5.21. 2D-3D merged sections along Fault C.  This fault zone is formed multiple segments displaying normal 
and right-lateral displacement.  A) 3D seismic and line L-1982-4700 shows the Bahia Basin between Faults A and 
C.  B) 3D seismic and line L-1982-4900 shows the opening of the main depocentre between Fault C and the Bahia 
Fault (B).   C) 3D seismic, L-1984-344 and L-1982-5100 shows a wider main depocentre and the presence of 
oblique normal faults between Faults C and B.  For location see Figure 5.18. 
Fault A 
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Figure 5.22.  2D and 3D merged sections showing the south-eastern area of the Bahia Basin and the intersection 
between Faults C and D.  Fault D displays younger activity as an inversion fault with left-lateral displacement and 
affecting Fault C.  A) 2D lines L-1982-5300, L-1984-352 (N-S) and L-1984-601 (W-E).  B)  L-1984-617 (W-E).   C) 3D 
seismic, AC-1999-G3A (NW-SE) and L-1984-360 (N-S).   D) 3D seismic, L-1984-629 (NW-SE) and L-1984-364 (N-S).  
E) 3D seismic and L-1982-8400 (W-E).  For location see Figure 5.18.  Vertical exaggeration ≃ 1.3.
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The complex intersection between the E-W Fault C with the N-S Fault D is shown by merged 
2D sections tied to the 3D seismic volume crossing both fault zones (Figure 5.22).  The 
deepest area of the Bahia Basin is parallel to Fault D, and truncates abruptly against Fault C 
towards the south (Figure 5.22A, B).  Again, Fault C can be seen to consist of several normal 
faults.  In the south they have low displacement and do not affect the middle Eocene 
unconformity, while the northern ones cut deeper and accumulate larger displacements (e.g. 
the main segment shows c.a. 1500 ms TWT of vertical throw at UMLPU level; Figure 5.22A).  
The continuation of Fault C towards the east, beyond the intersection with Fault D, is not 
clear.  However, the occurrence of normal faults dipping towards the basin in the hanging 
wall of Fault D, may indicate the continuity of some segments of Fault C, but deformed by 
the most recent activity of Fault D (see also Figure 5.20). 
 
The continuation towards the east of Fault C is clearly disrupted by Fault D.  However, 
sections to the NE of Fault D (Figure 5.23) show a trend of E-W normal faults, which may 
correspond to the easternmost continuation of Fault C.  These N-S sections show a shallow 
Bahia Basin (Figure 5.23A) that becomes narrower and deeper towards the east, as it 
changes from ca. 18 km wide and ca. 1000 ms TWT deep (at UMLPU level, Figure 5.23A) to 
ca. 10 km in width and ca. 2300 ms TWT in depth (Figure 5.23E).  The southern boundary of 
the basin is formed by steep (>80o), planar, normal faults, dipping northwards, similar to the 
faults observed in the western side of Fault D.  Towards the east, the strike of the faults 
change to NW-SE, in the direction of the coastline, suggesting that these faults may be part 
of the Oca Fault System.  Similarly, the northern boundary of the basin is an E-W splay of 
Fault A, here referred as A’, which also displays similar characteristics to the fault segments 
observed in the west.  Hence, the Bahia Basin to the NE of Fault D displays a strike E-W to 
NW-SE and is bounded by three steep faults with normal offsets and approximately the 
same geometry as faults A, B and C.  This change in the strike of the Bahia Basin can be 
explained by the northward indentation of the Santa Marta Massif.  Figure 5.24 shows a 
regional 2D-3D seismic line crossing obliquely the Bahia Basin and extending towards the 
NE, in front of the northern extension of the Santa Marta Massif.  This confirms the presence 
of a deep, high-angle, planar fault on the eastern side of the Santa Marta Massif that might 
be interpreted as the Oca Fault.  Geomorphologic studies by Restrepo-Correa and Ojeda 
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(2010), also support the interpretation of high-angle normal faults as part of the horsetail 
termination of the Oca Fault controlling the formation of the deepwater “La Aguja” canyon. 
 
5.3.3. Structural geometry of Fault D 
Fault D is a linear, north-south fault that is ca. 40 km long in the study area and may 
continue towards the south as discussed in CHAPTER 4.  In the south (Figure 5.22A) the 
planar fault exhibits a high angle dip (>80o) towards the east, and is the boundary of a deep 
depocentre in which the Cienaga-1 well is located.  This well encountered the top of an 
undifferentiated Miocene section at 384 m down to 3737 m below sea level.  Here, a normal 
displacement is interpreted along the fault; however, the presence of an anticline in the 
hangingwall indicates a later inversion event.  Northwards, Figure 5.22B show a decrease in 
the dip of the fault, a wider anticline structure on the hangingwall, and no normal offset with 
the footwall of the fault.  The depocentre in the hanging wall also reduces its depth, which 
might be interpreted as no normal displacement.  Further north (Figure 5.20), within the 
area of the 3D seismic volume, the dip of Fault D decreases and it appears to be a simple 
thrust.  This thrust forms the eastern boundary of the Bahia Basin and coincides with large 
changes in thickness in the Plio-Pleistocene sequence, providing evidence for uplifting and 
shortening along Fault D during post-late Miocene times (Figure 5.22C).  However, local 
thickness variations show a thinning of the SSU4 towards the crest of the structure (Figs 5.16 
and 5.17C), which may indicate an earlier phase of thrusting prior to late Miocene times.  
 
From a regional perspective, Fault D occurs along strike of the left-lateral Santa Marta-
Bucaramanga Fault.  Figure 5.24 shows a regional 2D-3D seismic line crossing obliquely the 
Bahia Basin and extending towards the NE, in front of the northern extension of the Santa 
Marta Massif.  Fault D can be clearly seen on the western side of the Santa Marta Massif 
dipping towards the east, while the Santa Marta-Bucaramanga Fault System is expressed as 
two high-angle planar faults dipping steeply to the west.  Given the changes along strike of 
Fault D, and the evident history of extension and inversion, it is suggested that this fault 
forms a splay at the northern termination of the regional Santa Marta-Bucaramanga Fault 
System. 
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Figure 5.23.  2D seismic lines to the NE of Fault D.  The Bahia Basin strikes E-W, narrowing towards the east, and is bounded by three steep faults with normal offsets in 
approximately the same geometry as Faults A, B and C to the west.  A) L-1982-5500 shows a shallow Bahia Basin.  B) L-1982-5700.  C) L-1982-5900.  D) NZ-1999-127.  E) NZ-
1999-129.  For location see Figure 5.18.  Vertical exaggeration ≃ 1.3. 
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Figure 5.24.  3D seismic merged with 2D line L-1975-21.  This illustrates the Santa Marta Massif bounded by two strike-slip fault systems, and the presence of the Bahia Basin on 
both sides.  Growth strata and shifting depositional axes support the continuous control of the Bahia Basin bounding faults.  Vertical exaggeration ≃ 5.4.  For location see Figure 
5.18. 
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5.3.4. Structural geometry of the Bahia Fault  
The Bahia Fault is a linear, NE-SW trending fault that is ca. 50 km long in the study area 
(Figure 5.25) and bounds the main depocentre of the Bahia Basin from middle Miocene to 
younger times (Figure 5.17).  This depocentre suggest a main extensional displacement 
towards the SE, although cross section across the fault support a latest stage of inversion 
(Figure 5.26).  In plan view, the Bahia Fault is formed by three main left-stepping segments 
in en-echelon geometry (i.e. Bs, southern; Bc, central; and Bn, northern), forming two relay 
areas between Bs and Bc, and between Bc and Bn (Figure 5.25).     
 
 
 
Figure 5.25.  Map of faults below the UMLPU.  The Bahia Fault is divided into three main segments (i.e. Bs, 
southern; Bc, central; and Bn, northern).  The footwall of the Bahia Fault is affected by a large number of closely-
spaced normal faults.  These faults form groups with distinctive strike, within three blocks along the Bahia Fault.  
The blue lines show the location of cross sections in Figure 5.26. 
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Figure 5.26 presents a series of cross sections interpreted from 3D seismic data that show 
the structural variation along the strike of the Bahia Fault.  From SW to NE, main features are:  
The southern segment (i.e. Bs; Figure 5.9A-C and Figure 5.26 AL-1 to AL-9) has a 
consistent dip towards the NW; however, changes in thickness in the Miocene unit may 
imply that the Bahia Fault was originally dipping towards the SE, explaining the thickening of 
the Miocene section within the depocentre between Bahia and C faults.  The current dip of 
Fault Bs towards the NW is interpreted as a late stage of shortening and basin inversion 
during Pliocene times causing a rotation of the fault plane and the uplift of the north-
western side of the fault.  The relay area between Bs and Bc is characterised by the formation 
of a negative flower structure where the main faults are dipping to the SE (Figs 5.9D and 5.26 
AL-10 to AL-12).  Normal displacement increases along Bc and reaches a maximum vertical 
throw of ca. 1800 ms TWT (Figure 5.26 AL-13 to AL-14).  A second inversion structure is 
formed on the south-eastern side of the Fault Bc in response to the buttressing effect 
produced by the compression of the basin fill against the Bahia Fault (Figs 5.9F and 5.26 AL-
15 to 18).  Although the anticline structure is delineated by growth strata of Plio-Pleistocene 
age (CHAPTER 6), the UMLPU level shows a decrease in the vertical throw from ca. 1800 ms 
in section AL-14 to ca. 400 ms in section AL-18.  The northern-easternmost sections of the 
Bahia Fault (Figs 5.9G-H and 5.26 AL-19 to AL-23) are characterised by the development of a 
relay zone between Bc and Bn.  The dip of Bc decreases from almost vertical in the SW to ca. 
75o in the NE, while Bn shows dips between 35o and 55o in the same region.  These values are 
low for normal faults, but might be related to a late rotation of the fault plane due to the 
Plio-Pleistocene stage of compression recorded as a third inversion structure observed in the 
hangingwall block of the fault (see also Figure 5.13). 
 
Overall, the Bahia Fault is a prominent structure on the 3D seismic reflection data, and 
crosses the Bahia Basin from SW to NE.  Seismic lines on the south-western end show a clear 
connection with the E-W trending Fault C, and the opening of a main depocentre area that 
deepens towards the east.  On seismic lines to the NE of the 3D seismic volume (Figure 
5.23), a similar fault can be seen bounding a narrow depocentre that progressively closes 
against the E-W striking Oca Fault.  This fault may have been the continuation of the Bahia 
Fault during the opening of the basin (i.e. previous to the inversion stage). 
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Figure 5.26 (previous page).  Line drawings along the Bahia Fault, showing in detail the changes in fault geometry 
along strike, from SW (AL-1) to NE (AL-23).  All sections are oriented NW-SE and displayed between 1 and 7 
seconds TWT.  Vertical exaggeration ≃ 2.7.  For location see Figure 5.25. 
 
 
5.4. Pre-UMLPU structures in the footwall of the Bahia Fault 
3D seismic interpretation suggests that the Bahia Fault played an important role in the 
development of the Bahia Basin (Figs 5.5-9 and 5.26).  Isochron maps (Figure 5.17) show a 
major opening of the basin controlled by the displacement along the Bahia Fault during 
Miocene times.  Similarly, Miocene seismic facies (SSU 3-4) show a high density of low 
displacement normal faults that are not present within the Plio-Pleistocene to Present units 
(SSU 5-6); this supports a major stage of extension during pre-early Pliocene times.  In order 
to understand the kinematics of deformation during the early stages of evolution of the 
Bahia Basin, detailed mapping of the structures beneath the UMLPU was carried out (Figure 
5.25). 
 
Beneath the UMLPU the footwall of the Bahia Fault is deformed by a large number of closely 
spaced, low-displacement, extensional faults (Figure 5.25).  Surprisingly, the mapped traces 
of the faults within the footwall vary significantly in trend along the length of the fault.  
These faults form three groups within the blocks that broadly correspond to the three fault 
segments that form the Bahia Fault (southern, central and northern segments, Figure 5.5).  
The boundary of each block is marked by the presence of relay zones between each fault 
segment and evidences of mud volcanism are found at the boundaries of the central block 
(Figure 5.7).  In the most southerly fault block, the main set of normal faults strikes NW-SE, 
orthogonal to Fault X.  At the western end of the block there is a small group of NE-SW 
trending faults and there is a hint that fault orientations fan within the block.  In the central 
block the faults strike between NNE-SSW and N-S, and faults terminate against the Bahia 
Fault and against a W-E splay (Rc) that is the boundary of a relay zone.  Finally, in the 
northern fault block the faults form 2 sets separated by an inverse fault (Fault Z) that is sub-
parallel to Fault A in the NW and Bahia Fault in the SE.  The faults are mainly oriented W-E 
and rotate progressively towards the north to a NW-SE trend (Figure 5.25). 
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Figure 5.27.  Dip sections through each fault set illustrate the similarity of faulting style within each block (for location see map on the Fig. 5.25). Note that the seismic character 
and seismic facies of the Miocene strata deformed by the faults are very similar, so there is no reason to believe that the age of the strata within each fault block varies 
significantly.  Vertical exaggeration ≃ 1.8. 
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Seismic sections through each fault set, which are oriented orthogonal to the fault traces (i.e. 
‘dip’ sections), illustrate the similarity of faulting style within each block (Figure 5.27).  The 
faults show planar geometry, a relative low dip between 45o and 60o, and affect just the 
Miocene units (SSUs 3 and 4) and tend to disappear at the interface with the Oligocene unit 
(SSU 2).  The seismic character and seismic facies of the Miocene strata deformed by the 
faults is very similar and there is no reason to believe that the age of the strata within each 
fault block varies significantly.  From these observations it appears that the footwall of the 
Bahia Fault is formed of 3 fault blocks which have a similar stratigraphy and extensional or 
transtensional faulting style, but that there is an unusual and unexpected change of trend of 
the small-scale faulting within the footwall fault blocks.  The main change in trend of the 
normal faults between the southern and the central blocks is about 45o, whilst the change 
between the central and the northern one is up to 90o.  There are at least two possible 
explanations for this observation.  Firstly, there were different extensional directions in the 
same area at the same time prior to the late Miocene.  However, the lack of overprinting of 
the fault trends would seem to preclude this hypothesis.  Secondly, the blocks have 
undergone rotation either during the formation of the normal faults or after the faults 
formed, due to the development of structures typical of strike-slip deformation.  To support 
this hypothesis, two areas with high density of normal faults were analysed to evaluate the 
mechanism of vertical-axis block rotation in relation to the strike-slip deformation.  The first 
area is the relay zone between the southern and central blocks, and the second area is the 
northern structural block. 
 
5.4.1. Vertical-axis block rotation and opening of a relay zone 
Figure 5.28 shows the seismic interpretation of faults observed below the UMLPU in the 
area of the central block.  Seismic time slices (Figure 5.28A-B) and coherence slices (Figure 
5.28C-D) show the Bahia Fault and the main depocentre of the Bahia Basin towards the SE.  
Towards the NW of the fault, in the footwall, there are N-S to NE-SW closely spaced faults 
within the central block, and a faulted relay zone at the boundary between the central and 
the southern blocks.  The faults within the central block terminate against a main W-E fault 
(Rc) that is the northern boundary of the relay and is connected to the Bahia Fault about 5 
km to the east.  Spectral decomposition at different time windows below the UMLPU (e.g. 
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Figure 5.28E) were also used to constrain the location and orientation of the fault.  Figure 
5.28F shows the final interpretation of faults in the central block, and at the terminations of 
the southern and central segments of the Bahia Fault.   Faults at the terminations of the fault 
segments are aligned in a W-E trend (Figure 5.25), that resembles negative-flower structures 
(Figs 5.26 and 5.28G), consistent with horse-tail terminations of dextral strike-slip faults (e.g. 
Kim et al., 2000).  Seismic sections across the relay zone (Figure 5.28G) show small normal 
faults below the UMLPU as steps between the main W-E fault and the Bahia Fault.  Changes 
in thickness from the footwall (NW) to the hangingwall (SE) illustrate a normal displacement 
along the Bahia Fault during late Miocene and a major phase of extension during early 
Pliocene times.  The UMLPU is interpreted across the stepped fault segments using the 
seismic character of the reflections above and below the unconformity and the growth strata 
packages developed above the unconformity: there are two white reflections (troughs) above 
the UMLPU surface that cross the fault steps of the relay zone; these reflections show a 
normal displacement and an increase in thickness towards the depocentre (SE).  This is 
evidence of deposition of sediments over the relay zone, within the space between the Rc 
fault and the Bahia Fault.  Thus, the dextral pattern of faults within the relay zone together 
with the opened space of accommodation, may suggest a clockwise rotation of the central 
block in response to a continuous right-lateral shear along the Bahia Fault. 
 
5.4.2. Kinematic indicators of dextral strike-slip deformation 
The northern block of the footwall of the Bahia Fault contains the largest amount of normal 
faults in the study area (Figure 5.27C).  Figure 5.29 shows the interpretation of faults in map 
view using seismic time slices (Figure 5.29A), coherence time slices (Figure 5.29B) and 
spectral decomposition (Figure 5.29C).  These images show a series of closely spaced E-W 
trending faults, with a progressive rotation towards the north to a NW-SE trend (Figure 
5.29D).  In plan view, the fault traces curve towards their tips describing a sigmoidal Z 
geometry.  The curvature of the faults is particularly well imaged in the spectral 
decomposition images (e.g. Figure 5.29C).  The sigmoidal faults terminate at discrete NE-SW 
trending fault zones (i.e. Faults Z, Z’ and Z’’ in Figure 5.29D), which are sub-parallel to the 
regional Fault A and the Bahia Fault.  These, sigmoidal Z geometries are kinematic indicators 
of a dextral strike-slip shear zone occurring between the Fault A and the Bahia Fault, and 
suggest a clockwise rotation of the northern block. 
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Figure 5.28.  Seismic attributes used to the interpretation of faults below the UMLPU.  For location see Figures 
5.25 and 5.27.  A) Time slice at 2600 ms.  B) Time slice at 2900 ms.  C) Coherency at Time slice at 2600 ms.  D) 
Coherency at Time slice at 2900 ms.  E) Spectral decomposition 200-400 ms bellow UMLPU at 13 Hz.  F) 
Interpretation of faults below the UMLPU, arbitrary lines (AL) 10 to 13 are shown on Fig. 5.28G. 
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Figure 5.28.  G) Arbitrary seismic 
lines (above), and interpretation 
(below), showing the relay zone 
between the central and 
southern highs along the Bahia 
Fault.  The overall geometry of 
the fault corresponds to an 
asymmetric, negative flower 
structure, with larger 
displacement towards the SE.  
Both horizons, UMLPU (green) 
and MMU (blue) can be 
interpreted along the step-
faulted blocks from the footwall 
of the Bahia Fault (NW) to the 
hangingwall (SE).  Vertical 
exaggeration ≃ 2.7.
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Figure 5.29.  Seismic attributes used to the interpretation of faults below the UMLPU.  A) Time slice at 3160 ms.  B) 
Coherency at Time slice at 3160 ms.  C) Spectral decomposition 0-250 ms bellow UMLPU at 13 Hz.  D) 
Interpretation of faults below the UMLPU in the northern block. 
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5.5. Discussion 
5.5.1. Evidence for right lateral strike-slip deformation along the Bahia Fault 
To compare the structures observed in the area of the Bahia Basin, Figure 5.30 presents a 
summary of the structures that can form in a simple dextral shear zone.  According to 
experimental studies (e.g. Tchalenko, 1970; Richard et al., 1995; Atmaoui et al., 2006) R and R’ 
shears are the first structures to form, determined by the coefficient of internal friction ().  
Normal faults and tensile fractures (T) form perpendicular to the maximum instantaneous 
stretching axis (ISA1), while thrusts and folds form perpendicular to the minimum 
instantaneous stretching axis (ISA3), both at 45
o to the boundaries of the shear zone.  If 
transtension and/or transpression occur (Figure 5.30A), although the same set of structures 
may form, these will develop at angles greater or lower than 45o; for example, in 
transtension, normal faults and tensile fracture initiate at angles <45o. 
 
 
 
 
 
Figure 5.30.  Mechanism to generate sigmoidal normal faults within a dextral shear zone.  A) Structures formed in 
a simple-dextral shear zone; faults and folds form at 45o to the boundaries of the zone. Note the change in the 
strike of the structures in transpressional or transtensional settings.  B) Incremental strain at 30o.  C) 
Incremental strain at 45o.  D) Incremental strain at 60o.  E) Sigmoidal normal faults as a result of the 
incremental strain within a simple-dextral shear zone. 
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The regional setting of oblique subduction and eastern movement of the Caribbean Plate in 
relation to South America, suggest a right-lateral displacement along the main faults along 
the margin.  This is initially supported by the en-echelon geometry of the Bahia Fault, as 
formed by three main segments in a left-stepping arrangement, suggesting a dextral shear.  
Furthermore, the large numbers of normal faults within the Miocene strata along the footwall 
of the Bahia Fault suggests a widespread area of extension.  However, the different 
orientations of the normal faults, the variations along strike, and the geometric relationship 
against the Bahia Fault, all support the presence of a broad right-lateral shear zone where 
vertical-axis block rotation took place. 
 
5.5.1.1. Vertical-axis block rotation and opening of a relay zone 
Mechanisms of vertical-axis block rotations in strike-slip systems have been extensively 
discussed in the literature (e.g. Freund, 1970, 1974; Luyendyk et al., 1980; Terres and 
Sylvester, 1981; Ron et al., 1984; Garfunkel and Ron, 1985; Nicholson et al., 1986; Peacock et 
al., 1998; Kim et al., 2000; Flodin and Aydin, 2004b; Agirrezabala and Dinarès-Turell, 2013).  
Theoretical models of block rotation within a shear zone postulate the development of 
subsidiary faults at the borders of the rotated blocks (Freund, 1974).  In synthetic rotated 
blocks antithetic-subsidiary faults form at high angles of the main faults (R’ shears), and in 
antithetic rotated blocks synthetic-subsidiary faults form at low angles of the main faults (R 
shears) (Figure 5.31A).  In the case of the central block along the Bahia Fault, dextral-block 
rotation occurs within a right-lateral shear zone, suggesting an antithetic left-lateral 
displacement along the subsidiary faults at the border of the block (i.e. Faults X and Y), as 
postulated by the synthetic rotated block model. 
 
The concomitant displacement along the conjugate set of faults predict the development of 
compressional and extensional deformation zones at opposite corners of a rotated block in 
order to accommodate strain within the rotating block and avoid space problems (Figure 
5.31B, C; e.g. Peacock et al., 1998; Waldron, 2005).  Following this model, the opening of the 
relay zone between the central and southern segments of the Bahia Fault is a direct 
consequence of the local extension that results from the clockwise rotation of the central 
block (Figure 5.32A).  In the opposite N corner of the block, the presence of mud volcanism 
would also support the presence of an extensional zone, while compression is observed in 
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the western corner of the central block along Fault X (Figs 5.10 and 5.15).  This mechanism 
might also explain the curvature along strike of the Bahia Fault towards the SE in the eastern 
corner of the block (observed in map view, Figs 5.5 to 5.8).  Natural examples of this process, 
showing the concomitant extension and compression at opposite corners of rotating blocks 
have been described in integrated studies at regional scales using seismological, 
paleomagnetic and field data (Agirrezabala and Dinarès-Turell, 2013, Figure 5.32B; and 
Nicholson et al., 1986 Figure 5.32C) and also at the opening of extensional zones at small 
scales in field studies (Kim et al., 2000; Figure 5.32D).  Thus, the model shown in Figure 
5.32A proposes the progressive clockwise rotation of the central block of ca. 30o within a 
dextral shear zone between the Fault A and the Bahia Fault, and bounded by subsidiary 
sinistral faults X and Y to the SE and NW respectively. 
 
 
 
 
 
 
 
Figure 5.31.  A) Synthetic and antithetic block rotation within a shear zone (redrawn from Freund, 1974) B) 
Possible structures to distribute strain within a shear zone (Peacock et al., 1998)  C) Model of a strike-slip basin 
including block rotation and normal faulting (Waldron, 2005). 
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Figure 5.32.  A) Idealised model of vertical-axis rotation of the central block between Fault A and the Bahia Fault.  
B) Field example of the western Pyrenees showing counterclock rotation and the development of different 
structures (from Agirrezabala and Dinares, 2013).  C) Field example from the San Andreas Fault System showing 
the occurrence of strike-slip, normal and reverse deformation (Nicholson et al., 1986).  D) Field example of 
vertical-axis block rotation and the occurrence of normal faulting within a strike-slip fault (SW England; from Kim 
et al., 2000). 
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5.5.1.2. Sigmoidal kinematic indicators 
Figure 5.30 shows that during simple shear deformation, the maximum compressive stress 
(𝜎1) acts at 45o to the boundaries of the shear zone.  In response, tension fractures (T) and 
normal faults form parallel to the maximum principal compression and perpendicular to the 
minimum stress.  As a result of the continuous deformation, and because the orientation of 
the instantaneous stretching axis remains fixed with respect to the boundaries of the shear 
zone, new faults continuously form at 45o, and the early formed faults rotate and 
amalgamate with the new ones creating a sigmoidal shape.  
 
Furthermore, the development of sigmoidal faults has also been described as a typical 
kinematic indicator of block rotation in analogue experiments where sigmoidal curvature 
define the sense of rotation (Gapais et al., 1991).  In general, sigmoidal Z shapes are 
indicative of clockwise rotation, while sigmoidal S shapes indicate counterclockwise rotation 
(Schreurs, 2003).  Experiments of analogue modelling that use layered dry-quartz sand and 
glass powder over a viscous-detachment level analyse the distributed strain within a dextral 
strike-slip shear zone (Schreurs, 1994; Schreurs, 2003).  However, in these experiments 
sigmoidal faults are formed at high angle against the master faults (as antithetic Riedel 
shears, R’; Figure 5.30A) and correspond to the boundaries of the rotated blocks (Figure 
5.31A).  These experiments show the development of dextral faults subparallel to the 
boundaries of the shear zone, and sinistral strike-slip faults at high angles (~50o-70o) to the 
master-dextral strike-slip faults. With increasing strain, the sinistral faults rotate and 
propagate laterally, acquiring a sigmoidal Z shape in map view (Figure 5.33).  The rotations 
about vertical axes of the antithetic faults and the blocks in between create space problems 
that respond as small dip-slip components that change along strike.  Hence, these faults 
show a small normal displacement at the end, no dip-slip displacement at the centre, and a 
small inverse displacement at the opposite end of the sigmoidal fault, describing them as 
scissor faults. 
 
In the northern block of the footwall of the Bahia Fault, Figure 5.29 shows the presence of 
fault zones (i.e. Faults Z, Z’, Z’’) subparallel to the boundaries of the shear zone, together with 
sigmoidal Z faults at a high angle to the Bahia Fault.  These sigmoidal faults also illustrate a 
small left-lateral displacement similar to the results of the analogue modelling, supporting 
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that these formed as antithetic faults (R’ shears).  However, the faults display a continuous 
normal displacement along the strike of the faults, different to that predicted by analogue 
models. 
 
In summary, the presence of sigmoidal Z geometries in map view is a typical kinematic 
indicator of vertical-axes clockwise rotation in a dextral strike-slip shear zone.  However, in 
comparison to the theoretical structures formed within a shear zone, the structures observed 
in the northern block of the footwall of the Bahia Fault may correspond to either tension 
fractures (T) formed at 45o to the Bahia Fault, or antithetic shear fractures (R’) formed at 50o-
70o to the boundaries of the shear zone.  These possible scenarios lead to different grades of 
block rotation within the shear zone.  For tension fractures, the presence of W-E faults 
proposes a maximum 45o clockwise rotation, while antithetic shear fractures would support a 
clockwise rotation between 20o and 40o. 
 
 
 
Figure 5.33.  Development of sigmoidal-Z structures in a dextral-shear zone (from Schreurs, 2003, in Dooley and 
Schreurs, 2012). 
 
5.5.1.3. Relationship between the blocks 
Analysis suggests that the Bahia Fault acted as the margin of a right-lateral shear zone.  The 
rocks within the shear zone were subjected to local extension and formed small normal 
faults.  The angle of these faults against the Bahia Fault is close to 45o, which supports a 
model of simple shear rather than a model of transtension.  As the shear zone continued to 
move and the segments along the margins linked, the blocks within the shear zone rotate.  
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The opening of a small graben along the relay zone between the southern and central 
segments of the Bahia Fault, together with the angle that the faults in the northern block 
make with the Bahia Fault and their sigmoidal Z geometry are consistent with a NE-SW right-
lateral shear zone bounded by the Bahia Fault in the SE and the Fault A in the NW.  Thus, the 
central block was rotated clockwise by ca. 30° and the northern block rotated clockwise 
between 20o and 45o.  
  
The blocks have complexly deformed boundaries (i.e. Faults A, Bahia, X and Y on Figure 
5.25) but with a significant normal component of displacement.  The details of these zones 
are obscured in places due to poor seismic resolution caused by mud diapirism that appears 
to have exploited the gaps at the edges of the rotated blocks, and subsequent reverse 
reactivation.  The oblique faults within the shear zone (i.e. Faults X and Y) are interpreted as 
left-lateral strike-slip faults in response to the clockwise block rotation of the central and 
northern blocks.   
 
Much less deformed upper Miocene to Pliocene sediments above the UMLPU infill the lows 
between the rotated and deformed Miocene blocks, suggesting that this strike-slip shear 
zone at the rear of the SCDB zone had formed by upper Miocene times and subsequently it 
does not seem to have acted as a locus for strike-slip deformation.  
 
5.5.2.  Structural model of the Bahia Basin 
The structural geometry of the main faults in Bahia Basin and the evidence for strike-slip 
deformation suggest a pull-apart mechanism for the evolution of the basin, although a clear 
rhomboid structure, typical of pull-apart basins, is not present.  The origin and evolution of 
basins along strike-slip zones have been extensively analysed either by integrated field 
studies (e.g. Aydin and Nur, 1982; Mann et al., 1983; Christie-Blick and Biddle, 1985; 
Sylvester, 1988; Ben-Avraham and Zoback, 1992; Peacock and Sanderson, 1995; Mann, 1997, 
2007; Cunningham and Mann, 2007; Peacock and Anderson, 2012) or analogue experiments 
(e.g. McClay and Dooley, 1995; Dooley and McClay, 1997; Rahe et al., 1998; Basile and Brun, 
1999; Sims et al., 1999; Atmaoui et al., 2006; Wu et al., 2009; Mitra and Paul, 2011; Dooley 
and Schreurs, 2012). 
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Multiple studies have used analogue experiments to evaluate different parameters that may 
control the evolution of pull-apart basins.  Initial studies controlled the offset of the master 
faults from an underlapping to an overlapping array (Figure 5.34A) (e.g. Dooley, 1994; 
McClay and Dooley, 1995; Dooley and McClay, 1997), while other studies evaluate the role of 
a basal detachment (e.g. Basile and Brun, 1999; Sims et al., 1999).  Latest studies include low 
angles of transtension (Figure 5.34B; 5o oblique and divergent from the principal 
displacement zone; Wu et al., 2009; Dooley and Schreurs, 2012).  In general, the most 
common feature in analogue experiments is the presence of cross-basinal faults; these occur 
as R shear faults that try to link the offset-principal displacement zones.  All scenarios also 
showed the occurrence of step boundary faults at the corners of the basins and the 
development of oblique faults between main fault segments.  These oblique faults might 
correspond to R’ shear faults, and can be formed at the corners of the basin as it grows 
laterally (Basile and Brun, 1999).  Basins in all models developed a common rhomboidal 
shape, with a tendency to exhibit a lazy Z geometry for dextral-shearing settings (and lazy S 
for sinistral ones).  Furthermore, analogue models run with dominant motion on just one side 
of the plates (Rahe et al., 1998) produced clear asymmetric pull-apart basins characterised by 
the development of half graben structures and a main basin-boundary fault on the more 
mobile side (Figure 5.34C).  On a different trend, transtensional experiments exhibit wider 
and broader basins and usually develop two depocentres divided by cross-basin faults along 
the axis of the basin (Figure 5.34B).  In particular, experiments that use a viscous-
detachment layer (Basile and Brun, 1999; Dooley and Schreurs, 2012) tend to develop more 
complex intrabasin deformation, including localized subsidence and vertical-axes block 
rotation, as observed in many examples around the world (e.g. Luyendyk et al., 1980; 
Christie-Blick and Biddle, 1985; Allen et al., 1998; Brothers et al., 2009).  
 
Although the Bahia Basin does not show a typical rhomboid shape, there are some 
observations in terms of fault geometries, structural relationships and depocentre 
distribution that suggest that it formed due to strike-slip deformation.  A particular 
characteristic of the Bahia Basin is the angular relationship between the NE-SW trending 
Fault A and Bahia Fault and the E-W trending Fault C.  They broadly form an acute angle of 
40o that progressively decreases towards the south-western margin of the basin, where the 
faults converge.    From 2D seismic data (Figure 5.19), Faults A and C seem to join at the 
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south-western corner of the basin, where the Bahia Basin is just 3 km wide.  Towards the 
east, 3D seismic data clearly shows that the Bahia Fault separates from the Fault C, as the 
basin widens.  The Bahia Fault is initially dipping towards the north, similar to the master 
fault (Fault C), and changes gradually to a SE dipping fault bounding a main depocentre 
between these two faults.  This depocentre between the Fault C and the Bahia Fault is 
characterised by NW-SE oblique faults dipping eastwards and forming steps while the basin 
deepens, similar to R’ shear faults described by Basile and Brun (1999) (Figs 5.5 to 5.8).  This 
geometrical arrangement of faults at the acute corner of a depocentre is characteristic of 
pull-apart basins as demonstrated by multiple analogue experiments in a wide variety of 
scenarios (e.g. Dooley and Schreurs, 2012).  This angular relationship between main faults 
has also been observed in several pull-apart basins around the world (e.g. Salina del Fraille 
basin, Dooley and McClay, 1997; Imperial Valley, Segall and Pollard, 1980; and GlynnWye 
depression, Clayton, 1966). 
 
Figure 5.34.  Analogue experiments of pull-apart basins with various parameters producing geometries similar to 
the observed in the Bahia Basin.  A) Example of an analogue experiment produced by neutral master faults 
geometries (from Dooley, 1994, in Dooley and Schreurs, 2012).  B) Example of the late stage of a pull-apart 
experiment under transtension (from Wu and McClay, 2009).  C) Example of an analogue experiment of 
asymmetric pull-apart basins (from Rahe et al., 1998). 
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In summary, the Bahia Basin exhibits a predominance of oblique faults (as R’ and T shear 
fractures), rather than cross-basinal faults (R shears).  This is different from the results of 
analogue experiments of pull-apart basins and simple shear zones, where oblique fractures 
are subordinate to R shear fractures.  This observation has also been made on other natural 
examples in offshore basins (i.e. Bohai Sea Basin, Chen et al., 2010; Andaman Basin, 
Srisuriyon and Morley, 2013). 
 
5.5.3.  Evolution of the Bahia Basin 
A model of the evolution of the Bahia basin based on the structural observations is 
presented as a series of 5 block diagrams in Figure 5.35. 
 
5.5.3.1. Pre-middle Eocene (Figure 5.35A) 
Regional studies have proposed a continuous process of collision, subduction and accretion 
between the Caribbean Plate and the NW corner of South America.  This process results in 
the formation of the San Jacinto Fold Belt, which is an accretionary wedge formed by late 
Cretaceous to early Paleogene sediments that has been deformed and accreted to the 
continental margin (e.g. Flinch, 2003; Bayona et al., 2012).  This accretionary wedge is widely 
exposed along west and NW Colombia, and its northernmost segment is observed onshore 
in the Luruaco anticlinorium (Figure 5.1).  Just offshore, and following the north-eastern 
trend is located the Bahia Basin, where the identification of a prominent angular 
unconformity and the presence of folded reflections beneath, lead to interpret the 
continuation of the San Jacinto Fold Belt into the area of the study.  Thus, this older 
accretionary wedge constitutes the basement of the Bahia Basin. 
 
5.5.3.2. Middle Eocene to late Oligocene (Figure 5.35B) 
During middle Eocene to late Oligocene times the Bahia Basin is a forearc depocentre 
characterised by shale-rich terrigenous sediments derived from the collided Caribbean 
terranes (e.g. Escalona and Mann, 2011).  As a result of the oblique convergence strain, 
strike-slip systems start to form at the rear of the accretionary prism where particularly thick 
shale-rich units might be deposited.  These dextral strike-slip systems may start as left 
stepped en-echelon Riedel shears, as described by analogue models (Tchalenko, 1970; 
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Naylor et al., 1986; McClay et al., 2004; Atmaoui et al., 2006); one evidence of this, is the 
northward stepping (i.e. left) of the segments of the Bahia Fault (Figure 5.25). 
 
5.5.3.3. Late Oligocene to middle Miocene (Figure 5.35C) 
The initial strike-slip displacement appears to have been localized on a shear zone between 
Bahia and A faults at the rear of the continuously active accretionary wedge.  Sedimentation 
was focused within the Bahia Basin due to a combination of strike-slip displacement and 
shale movement, creating down-building minibasins on the north-western side of the Bahia 
Fault.  Some of the geometries resemble salt-withdrawal structures found in salt provinces. 
Examples of similar shale tectonic structures are known from other settings with mobile 
shale, such as the Niger Delta, the western Mediterranean Alboran basin, northern 
Venezuela, Makran accretionary prism, and NW Borneo (e.g. Morley and Guerin, 1996; 
Morley, 2003; Soto et al., 2010; Duerto and McClay, 2011), where local evacuation of mobile 
mud provides space for the accommodation of sediments.  An example of this is seen very 
clearly in Figure 5.17B, where a relatively small and rounded depocentre is observed on the 
north-western side of the Bahia Fault.  Figure 5.11 shows a cross section of this depocentre 
where the thickening of the Oligocene-shale section towards the NW occurs in response to 
the development of the down-building minibasin, ca. 5 km wide, during early to middle 
Miocene times. 
 
5.5.3.4. Middle Miocene to early Pliocene (Figure 5.35D) 
Regionally, the middle Miocene is characterised by the emplacement of the Choco block and 
initial collision of the Panama Arc in western Colombia (Duque-Caro, 1990a; Duque-Caro, 
1990b).  This collision and the continuous south-eastward shallow subduction of the 
Caribbean Plate result in the inversion and uplift of the northern Andes, including the Eastern 
Cordillera, and the formation of the proto-Magdalena river; these events provide large 
amount of sediments to the Caribbean basins (e.g. Gómez et al., 2005b; Escalona and Mann, 
2011).   In the Bahia Basin, deformation is partitioned along the Bahia Fault and Fault C, with 
a subordinate Fault A.  The main depocentre has shifted to the south-eastern side of the 
Bahia Fault.  Thickness map on Figure 5.17C shows a sharp southern boundary of the Bahia 
Basin and the presence of oblique-stepped faults between faults C and Bahia indicating 
displacement along both faults. However, the basin is markedly asymmetric towards the NW, 
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possibly indicating a larger strain partitioning on the Bahia Fault.  On the other hand, 
isolated depocentres are still preserved on the north-western side of the Bahia Fault.  This 
may indicate the continuous shale movement and forced enlargement of down-building 
minibasins in response to the rapid sedimentation of the Magdalena Fan (Figs 5.11 and 
5.17C). 
 
5.5.3.5. Early Pliocene to Recent (Figure 5.35E) 
The latest stage of the basin is complex and includes continuous extension and basin 
inversion.  Regionally, the NW corner of South America is affected by the final collision of the 
Panama Arc, causing the tectonic escape of the Maracaibo Block along the Bocono and 
Santa Marta-Bucaramanga fault systems (e.g. Taboada et al., 2000; Colmenares and Zoback, 
2003). Thus, the most important feature during this period is the appearance of Fault D on 
the eastern margin of the Bahia Basin.  This is interpreted as the uplift of the northern 
extension of the Santa Marta Massif.  Thicknesses map on Figure 5.17D shows a main 
depocentre in the south-eastern side of the Bahia Fault, but the thickest area is located 
towards the east next to Fault D.  The south-western extension of the basin continues 
growing between Fault C and the Bahia Fault along the oblique-stepped faults suggesting a 
continuous movement along these faults.   On the north-western side of the Bahia Fault, 
small and elongated depocentres have evolved, suggesting a control by Fault A towards the 
north.  This stage of basin evolution is discussed in CHAPTER 6.  
 
5.5.4.  Relation of the dextral strike-slip deformation with the oblique 
subduction of the Caribbean Plate 
The shear zone between the Fault A and the Bahia Fault is oriented NE-SW, parallel and 60 to 
75 km behind the frontal toe of the SCDB in this area of the Caribbean.  The presence of a 
shear zone at the rear of an accretionary prism concurs with the response expected from 
theoretical mechanical (e.g. Beck, 1983; McCaffrey, 1992; Platt, 1993; Platt, 2000)  and 
analogical models (e.g. Pinet and Cobbold, 1992; Burbidge and Braun, 1998; Casas et al., 
2001; McClay et al., 2004; Haq and Davis, 2010) of oblique convergence.  Such shear zones 
are also observed in tectonic setting of oblique subduction around the world (e.g. Fitch, 
1972; McCaffrey, 1992; Yu et al., 1993) (see CHAPTER 1).  Given the relative sense of 
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movement of the subducted plate (i.e. Caribbean) and its angle of obliquity with respect to 
the strike of the accretionary front (~50o), mechanical models of accretionary viscous wedges 
(Figure 1.2; Platt, 2000) predict the possible development of different styles of deformation 
including the vertical-axes block rotation, as it is observed within the blocks in the footwall of 
the Bahia Fault (Figure 5.35D).  Examples of similar cases of vertical-axes block rotation in 
response to oblique convergence have been reported in NW USA (McCaffrey et al., 2007) 
and Chile (Wallace et al., 2009). 
 
The angle of obliquity during the evolution of the Bahia Basin might be different from the 
one observed today which results in a NW-SE direction of compression (Colmenares and 
Zoback, 2003).  However different studies including tomography (e.g. Van der Hilst and 
Mann, 1994; Miller et al., 2009; Bezada et al., 2010; Van Benthem et al., 2013), GPS 
measurements (e.g. Pérez et al., 2001; Weber et al., 2001; Trenkamp et al., 2002), seismology 
(e.g. Corredor, 2003; Cortés et al., 2005; Vargas and Mann, 2013), field studies (e.g. Lara et al., 
2013) and tectonic plate restorations (e.g. Müller et al., 1999; Pindell and Kennan, 2009) have 
supported the model of an eastern movement of the Caribbean Plate relative to South 
America during the Miocene.  Besides, the obliquity tends to be higher in the location of the 
Bahia Basin than in southern areas of the SCDB (i.e. Sinu Fold Belt) because of its location in 
front of the Oca Fault where a clear dextral displacement is taking place. 
 
The continuous eastern subduction is responsible of the complex interaction of multiple 
tectonic blocks during the evolution of the NW corner of South America.  This deformation is 
also recorded as clockwise vertical-axes block rotation which have been documented 
onshore in Colombia and Venezuela from several paleomagnetic studies (summarized by 
Montes et al., 2010 and Audemard, 2009 respectively).  The case of the blocks in the footwall 
of the Bahia Basin constitutes the first example of vertical-axes block rotation observed 
offshore in the region, showing an important example of the use of 3D seismic data to 
identify block rotations where paleomagnetic studies are not possible. 
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Figure 5.35.         
A) Early 
Paleogene.  
Formation of the 
San Jacinto Fold 
Belt as a result of 
subduction of the 
Caribbean Plate.   
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.35. 
B) Middle Eocene 
to late Oligocene.  
Unconformable 
deposition of a 
shaly-rich unit 
over the San 
Jacinto Fold Belt. 
Oblique 
subduction 
induces the 
formation of 
right-lateral 
strike-slip faults at 
the rear of the 
accretionary 
prism. 
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Figure 5.35. 
C)  Late Oligocene 
to middle 
Miocene.  As the 
strike-slip 
continues, the 
Bahia Basin is 
formed between 
Fault A and the 
Bahia Fault.   
The sediment load 
induces shale 
mobility and mud 
volcanism. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.35. 
D)  Middle 
Miocene to early 
Pliocene.  As 
strike-slip 
deformation 
continues, normal 
faulting and 
clockwise vertical-
axis block rotation 
occurs at the rear 
of the wedge.   
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Figure 35. 
E)  Early Pliocene 
to Recent. 
As deposition 
continues, basin 
inversion takes 
place, and reverse 
structures are 
formed along 
Bahia Fault and 
Fault D. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
5.6. Conclusions 
 Detailed seismic interpretation allows the identification of six seismic-stratigraphic units 
(SSUs) in the area of the Bahia Basin: SSU 1 corresponds to pre-Middle Eocene deformed 
sediments interpreted as the northern extension of the San Jacinto Fold Belt. SSU 2 is a 
shale-rich unit of Oligocene age that works as a viscous-detachment unit and facilitates 
future strike-slip displacement and basin evolution. SSUs 3 and 4 consist of the initial 
deposits within the Bahia Basin of Miocene age, and are affected by normal faulting in 
response to strike-slip deformation.  The early Pliocene to Recent sediments makes SSUs 
5 and 6, deposited during processes of extension and shortening at the latest stage of 
the basin evolution. 
 
 The Bahia Basin is bounded by Faults A, C and D, and is crossed by a NE-SW trending 
fault called Bahia.  Faults A and C converge in the south-western corner of the basin and 
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diverge towards the east, describing a broad triangular shape that constitutes the Bahia 
Basin.  Fault D, formed later and did not play a role in the early stages of basin formation. 
 
 The Bahia Fault crosses the basin in a NE-SW trend, parallel to Fault A, and creates a 
shear zone of ca. 15 km wide.  The rocks within the shear zone were subjected to local 
extension and small normal faults are formed.  As the shear zone continued to move and 
the segments along the margins linked, the blocks within the shear zone rotate.  The 
opening of a small graben along the relay zone between the southern and central 
segments of the Bahia Fault, together with the angle that the faults in the northern block 
make with the Bahia Fault and their sigmoidal Z geometry are consistent with a NE-SW 
right-lateral shear zone. 
 
 Under this scenario, the central block was rotated clockwise by ca. 30° and the northern 
block rotated clockwise between 20o and 45o.  The blocks are separated by left-lateral 
faults X and Y, and mud diapirs appear to have exploited the gaps at the edges of the 
rotated blocks. This is the first example of vertical-axis block rotation associated to the 
oblique convergence between the Caribbean and South American plates, and validates 
the use of 3D seismic data as an important tool to identify block rotation in areas where 
paleomagnetic studies are not available. 
 
 Faults A, C and Bahia, are considered the manifestation of the continuous oblique 
subduction of the Caribbean Plate beneath the NW corner of South America.  Strain is 
partitioned along these faults at different stages, opening a wide pull-apart basin with 
shifting depositional axes. 
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CHAPTER 6 
Inversion and transpression in the  
Bahia Basin 
 
 
6.1. Introduction 
6.1.1. Basin inversion and transpressional basins  
Basin inversion is generally defined as the uplift, either by compression or transpression, of 
formerly subsided areas (Cooper et al., 1989; Cooper and Williams, 1989; Hayward and 
Graham, 1989), and it has been the subject of extensive research mainly because of its 
importance in the development of traps for hydrocarbon accumulations (Macgregor, 1995; 
Turner and Williams, 2004; Cooper and Warren, 2010).  Basin inversion typically occurs along 
the faults that controlled the formation of the basin during a previous extensional stage; 
these faults are reactivated in response to the regional or local stress-field changing from 
extension-transtension to compression-transpression (Turner and Williams, 2004).  As a 
result of basin inversion, a diverse range of structures may form (Figure 6.1); the style and 
distribution of these inversion structures is controlled by several factors including: the initial 
geometry and distribution of the extensional faults within the basin (e.g. Butler, 1989; 
Buchanan and McClay, 1991, 1992; Kelly et al., 1999); the orientation of faults relative to the 
direction of compression (e.g. Kelly et al., 1999; Dubois et al., 2002); the magnitude of 
inversion and shortening (e.g. Jackson et al., 2013; Nemcok et al., 2013); the likelihood of 
fault reactivation (e.g. Sibson, 1995; Turner and Williams, 2004); and the rheological 
properties of the basin fill (e.g. Turner and Williams, 2004; Panien et al., 2005; Jackson et al., 
2013). 
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Figure 6.1.  Deformation styles of shortened (inverted) normal fault systems. (a) Partially inverted normal fault; (b) 
normal fault localising thrust-ramp; (c–e) thrust ramp decapitating an early normal fault; (f) normal fault acting as 
stress riser favouring thrust ramp steeping over the normal fault; (g) cover detachment overstepping the half 
grabens' synsedimentary fill; (h) footwall collapse of early normal fault scarp (footwall shortcut); (i) pop-up 
structure; (j) break back thrust faults change in transport direction; (k) thrust stacking of extensional imbricates. 
Red line, inverted normal fault; black line, not-reactivated normal fault; blue line, new thrust fault. White 
arrowhead, normal fault developed during the first-phase extension; black arrowhead, inverted normal fault (if 
associated with the white arrow), or thrust fault formed during inversion. Grey shading indicates the 
synsedimentary graben fill.  From Bonini et al. (2012). 
 
 
 
Figure 6.2.  Transpressional basins. A) General tectonic setting for the Ridge Basin at the intersection of San 
Gabriel and San Andreas strike-slip faults (Crowell, 1974, in Allen and Allen, 2013).  B) Sketch of transpressional 
basins located at both sides of a positive flower structure (Nilsen and Sylvester, 1999).
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Basin inversion is a global process that affects all types of basin around the world (Cooper 
and Williams, 1989; Buchanan and Buchanan, 1995; Turner and Williams, 2004; Nemcok et al., 
2013).  Multiple studies have tackled the wide variety of structural styles developed during 
basin inversion, either in areas of mild to moderate inversion such as the North Sea (e.g. 
Cartwright, 1989; Thomas and Coward, 1995; Jackson et al., 2013) and the Alpine foreland 
(Dart et al., 1995; Deeks and Thomas, 1995; Hooper et al., 1995), or areas of total inversion 
such as the Andes (e.g. Carrera and Muñoz, 2013; Mora et al., 2013) and the Apennines (e.g. 
Scisciani, 2009; Calamita et al., 2011).  Furthermore, most research on basin inversion has 
focused on rift-related basins.  Conversely, relatively fewer studies have tackled the 
development of basin inversion in pure strike-slip settings (e.g. San Andreas Fault; Crowell, 
1976, 2003; Kellogg and Minor, 2005; Dorsey et al., 2011).  However, because of the 
occurrence of oblique convergence post-rifting systems, several studies have investigated 
the transpressional basin-inversion, after an initial opening stage of orthogonal-dominated 
extension (Ziegler, 1989; Deeks and Thomas, 1995; Lambiase and Bosworth, 1995; Sinclair, 
1995; Krzywiec, 2001; Krzywiec et al., 2003; Quintana et al., 2006; Zanchi et al., 2006; Soto et 
al., 2011; Tavani et al., 2013; Pace and Calamita, 2014; Fyhn and Phach, 2015). 
 
Transpressional basins are defined as elongate and narrow depressions, parallel to the strike 
of major folds and faults in regions of oblique convergence, and are commonly bounded by 
strike-slip or reverse faults (Nilsen and Sylvester, 1995; Allen and Allen, 2013).  Depocentres 
typically form adjacent to uplifted structural blocks and subside either by flexure caused by 
the tectonic load, or in response to the local extension at the bend or intersection of strike-
slip faults (Ingersoll, 2012).  Similarly to other basins in strike-slip zones, transpressional 
basins are generally smaller and more complex than other fault-related basins in passive 
margins or foreland settings.  Transpressional basins are characterised by high subsidence 
rates, asymmetrical distribution of facies, and multiple and complex unconformities.  Type 
examples of transpressional basins are located along the San Andreas Fault System, such as 
the Ventura (Crowell, 1976) and San Joaquin (Goodman and Malin, 1992) basins.  The Ridge 
basin (Figure 6.2A) (Crowell, 2003) is one of the most studied transpressional basins in the 
world (Ingersoll, 1988; Ingersoll, 2012), although some authors classify it as a fault-bend 
basin (Nilsen and Sylvester, 1995 and Allen and Allen, 2013).  Others areas of oblique 
convergence where transpressional basins occur is SE China (in response to indentation and 
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continental extrusion; Tapponnier et al., 1986; Fyhn and Phach, 2015), New Zealand (along 
the Australian-Pacific margin; Barnes et al., 2001, 2005) and along the southern margin of the 
Caribbean Plate (in response to oblique subduction beneath NW South America; Escalona 
and Mann, 2011).  All these basins have been well studied not just because of their 
importance in the understanding of tectonic processes in sedimentary basins, but also due to 
the presence of large accumulations of hydrocarbons. 
 
As other basins in strike-slip settings, transpressional basins are controlled by high structural 
complexity.  Depocentres are generally bounded by steep, deep-rooted faults, with linear or 
curvilinear geometry in plan view.  Vertical to sub-vertical faults describe a principal 
displacement zone (PDZ, Christie-Blick and Biddle, 1985) along which, variations in dip 
orientations tend to occur, and normal and reverse displacement commonly coexist (Allen 
and Allen, 2013).  As a result of the oblique compression in transpressional settings, positive 
flower structures are typical along the PDZ (e.g. Harding and Lowell, 1979; Sanderson and 
Marchini, 1984; Harding, 1985; McClay and Bonora, 2001), and paired depocentres might 
also occur at both sides of the PDZ (Figure 6.2B) (Nilsen and Sylvester, 1995; Casas-Sainz et 
al., 2001).  Inversion structures can also be typical of areas of strike-slip deformation as 
described by Reading (1980), who highlighted the occurrence of extensional structures 
followed by compressional and inversion structures during the continuum evolution of a 
strike-slip zone.  Similarly, models by Wakabayashi et al. (2004) and Wakabayashi (2007) 
show inversion of transpressional basins as a result of the migration of deformation along 
strike-slip faults.  Thus, the local changes in the stress field allow the opening and closing (i.e. 
inversion) of basins along a strike-slip zone.  However, although the occurrence of inversion 
is to be predicted within strike-slip basins (e.g. Mann, 2007), there are few studies in the 
literature that document the kinematic evolution of localized inversion-related structures 
during the closing stage of a transpressional basin. 
  
Analogue modelling has been use to evaluate the influence that different parameters have 
on the control of fault reactivation and basin inversion.  Although high angle normal faults 
are very unlikely to be reactivated as reverse faults (Sibson, 1985; Collettini and Sibson, 
1997), factors such as high pore pressure and low friction along faults (Sibson, 1995; 
Eisenstadt and Sims, 2005; Marques and Nogueira, 2008), can favor fault reactivation.  An 
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oblique angle of compression (i.e. direction of compression not orthogonal to the fault 
plane) has also been observed to facilitate fault reactivation and basin inversion (Brun and 
Nalpas, 1996; Dubois et al., 2002; Amilibia et al., 2005; Gartrell et al., 2005; Panien et al., 2005; 
Yagupsky et al., 2008; Di Domenica et al., 2014; Jara et al., 2014).  Further experiments 
considering a weak detachment layer (i.e. simulating salt), conclude that inversion can occur 
at different angles of compression (including orthogonal to the fault plane) and can facilitate 
the occurrence of diapirism along the inverted fault planes (Del Ventisette et al., 2005; Del 
Ventisette et al., 2006).  Thus, analogue modelling has proved to be a useful tool for studying 
the kinematic evolution of inverted structures (Bonini et al., 2012, and references therein).   
Nonetheless, as occurs with field-based studies, most physical models provide a two-
dimensional view of the variety of structural styles developed during inversion (McClay, 1989; 
Buchanan and McClay, 1991; Buchanan and McClay, 1992; Mitra, 1993; Mitra and Islam, 
1994), and only a few studies have attempted a three-dimensional modelling to understand 
the distribution of structures during inversion (Keller and McClay, 1995; Yamada and McClay, 
2003a; Yamada and McClay, 2003b; Gartrell et al., 2005; Di Domenica et al., 2014). 
  
Despite the importance of three-dimensional analysis to understand the kinematics of 
transpression, there are relatively few studies that use 3D seismic reflection data of 
transpressional basins.  Grimaldi and Dorobek (2011) were the first to document the 
development of tectonic inversion in a transpressional setting (but again just consider an 
opening stage of orthogonal extension).  A recent study by Fyhn and Phach (2015) utilizes a 
pseudo-3D seismic approach (i.e. dense 2D seismic coverage), integrated with borehole and 
core data, to characterise the late Miocene inversion in the transpressional Song Hong basin, 
along the Red River strike-slip zone (SE China).  In addition, several studies along the 
transpressional margin between the Caribbean and South America plates, also use a pseudo-
3D seismic approach to document the occurrence of inversion structures in transpressional 
basins (e.g. Escalona and Mann, 2003; Duerto et al., 2006; Escalona and Mann, 2006a; 
Escalona and Mann, 2006b; Gorney et al., 2007; Escalona and Mann, 2011).  However, these 
studies have all use sparse 2D seismic datasets, which does not allow neither a detailed 
geometrical description of the inversion-related structures or the assessment of the folding 
mechanisms and the three-dimensional relationship between the inversion structures and 
the precursor-extensional faults. 
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Figure 6.3.  A) The Bahia Basin is located in 
front of the NW corner of the Santa Marta 
Massif, at the end of two regional strike-slip 
fault systems: the right-lateral Oca-Ancon-El 
Pilar Fault System, and the left-lateral Santa 
Marta-Bucaramanga Fault.  The Bahia Basin is 
bounded by faults A, C and D, and crossed by 
the NE-SW trending Bahia Fault.  B) 
Stratigraphic chart indicating the key seismic 
reflection events and seismic stratigraphic 
units mapped within the study area and tied to 
the Araza-1 well.  The stratigraphic position of 
key time-structure maps (i.e. Figs 6.4B and 
6.7A-G) and thickness (isochron) maps (i.e. Fig. 
6.13B-H) presented in the text are also shown.
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6.1.2. This study  
In CHAPTER 5, the opening of the Bahia Basin in late Paleogene to lower Pliocene times in 
response to strike-slip deformation (i.e. pull-apart or transtensional stage) was documented.  
This chapter describes the subsequent stage of basin inversion (i.e. closing of the basin).  In 
this Chapter, I use high quality, borehole-constrained, 3D seismic reflection data to describe 
the three-dimensional structural development of inversion structures in a transpressional 
setting.  Time-structure maps, seismic sections, isochron maps and growth strata patterns are 
used to describe the variations in structural styles and fold development associated with the 
inversion of the Bahia Basin during Plio-Pleistocene times.  In the absence of absolute ages, 
the use of relative ages within a known timeframe (from borehole data) allows me to 
describe the kinematic evolution of basin inversion and to then discuss its evolution in a 
regional geological context.  Thus, this study constitutes the first three-dimensional 
documentation of inversion structures in a transpressional basin, where both normal and 
reverse faulting coexist. 
6.2. Seismic interpretation 
The Araza-1 (Figure 6.3) it is tied to the upper Miocene to lower Pliocene unconformity 
(UMLPU).  This unconformity is the most important surface mapped in the area because of its 
geological significance (i.e. change from transtension to transpression, see next section) and 
because it is relatively easy to interpret throughout the 3D seismic data (Figure 6.4) (see 
CHAPTER 5).  Above the UMLPU, the Plio-Pleistocene succession is dominated by 
mudstones deposited in an upper slope setting.  However, deposition is syntectonic, and the 
good quality of the 3D seismic-reflection data allows the identification of multiple 
unconformities that record the growth of extensional and inversion-related structures within 
the basin.  The main unconformities are defined based on seismic continuity across the 
seismic volume and define the boundaries of seven seismic-stratigraphic units (Figure 6.3B).  
The borehole data support the occurrence of a main unconformity between early and late 
Pliocene times and accordingly the seismic-stratigraphic units are defined from base to top 
as Intra-Pliocene 1, 2 and 3 (i.e. IP-1, IP-2 and IP-3) early Pliocene in age, units Intra-Pliocene 
4 and 5 (i.e. IP-4 and IP-5) late Pliocene, and unit IPL is late Pliocene to Pleistocene, and unit 
PLH is Pleistocene to Holocene in age (Figure 6.3B). 
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Figure 6.4.  A) Isochron map between the upper Miocene to lower Pliocene unconformity (UMLPU) and the upper Oligocene to lower Miocene unconformity (UOLMU) – this 
illustrates the initial stage of the Bahia Basin with the development of depocentres on both sides of the Bahia Fault.; B) UMLPU time-structure map – this illustrates the 
geometry of the unconformity at the base of the sediments deposited in the Bahia Basin during the closing stage; C)  UMLPU structure map – this shows the Bahia Fault formed 
by three main segments and separates a clear footwall area in the NW and a main depocentre towards the SE; the SW corner of the depocentre has NE dipping normal faults 
that connect the Bahia Fault with Fault C.  The red box highlights the study area for Chapter 6. 
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Figure 6.5.  Seismic 
panels (see Fig. 6.4 for 
location) show the 
interpreted Plio-
Pleistocene units above 
de UMLPU (in green) and 
illustrate the variation in 
structural style along the 
Bahia Fault.  A) Cross 
section across the 
southern segment, 
illustrates the SE verging 
Anticline 1 on the NW 
side of the fault.  B) Cross 
section across the south-
western sector of the 
central segment, 
illustrates continuous 
extension during early 
Pliocene times.  C) Cross 
section across the central 
segment, illustrates the 
formation of Anticline 2 
on the SE side of the 
fault.  D) Cross section 
across the relay zone 
between central and 
northern segments and 
Fault D, illustrates the 
formation of Anticline 3 
and Anticline 4, 
respectively.
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Figure 6.6.  A) Interpreted seismic section across the Bahia Basin, perpendicular to the southern segment of the 
Bahia Fault (Bs) and showing the location of Araza well.  B) Interpreted section flattened at the upper Miocene to 
lower Pliocene unconformity (UMLPU) illustrates the location of Miocene depocentres at both sides of the Bahia 
Fault; arrows (in magenta) highlight the presence of mobile shale of Oligocene age.  C) Uninterpreted flattened 
section.  For location see Fig. 6.4. 
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6.2.1. Main depocentre of the Bahia Basin 
In CHAPTER 5, the Bahia Basin was defined as the depositional area bounded by regional 
faults A, C and D (Figure 6.3A).  The isochron map between the UMLPU and the upper 
Oligocene to lower Miocene unconformity (UOLMU) shows the shape of the Bahia Basin and 
the thickness of sediments accumulated during Miocene times (Figure 6.4A).  Here, the NE-
SW distribution of Miocene-depocentres along the central area of the basin shows the 
control of the Bahia Fault on deposition during Miocene times.  Furthermore, the UMLPU 
time-structure map (Figure 6.4B) illustrates the deformation of the basin during Plio-
Pleistocene times, and highlights the presence of the NE-SW trending Bahia Fault that 
separates a main depocentre area towards the SE, and the footwall formed by three main 
highs on the north-western side (i.e. south – SH, central – CH and northern – NH, Figure 
6.4C).  Subsequently, the Bahia Fault is the main locus of deformation throughout the basin 
evolution, particularly post-late Miocene times when Plio-Pleistocene sedimentation fills and 
ultimately buries the regional Bahia Basin including the main depocentre formed on the 
south-eastern side of the fault.  Figure 6.5 shows four seismic panels perpendicular to the 
Bahia Fault, which illustrate the structural styles within the Plio-Pleistocene section.   
 
Plio-Pleistocene units are deposited over the regionally-extensive UMLPU, which marks the 
end of the early extensional/transtensional stage of the Bahia Basin.  A seismic profile 
flattened to the UMLPU level is shown in Figure 6.6 to approximate the configuration of the 
Bahia Basin during the Miocene.  Two main depocentres, at both sides of the Bahia Fault, are 
evident on the flattened seismic section.  Although the south-eastern depocentre is slightly 
bigger, both depocentres are asymmetric and thicker towards the area of the Bahia Fault (see 
also Figure 6.4A), indicating fault control over the deposition.  The depocentres, particularly 
on the north-western side, show a strong concave-upwards shape flanked by thick 
Oligocene-shale sections, suggesting also the control of mobile shale during Miocene times 
(see pink arrows on Figure 6.6B).  The termination of seismic reflections characterise the 
angular nature of the UMLPU, evidence for tectonic activity prior Pliocene times.  Sediments 
on top of the UMLPU display downlap geometries predominantly in the north-western side 
of the Bahia Fault; this confirms the presence of structural highs prior and during the 
deposition.  However, Plio-Pleistocene sediments within the basin also display paired 
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depocentres separated by a narrow thinner section in the zone of the Bahia Fault, thus 
suggesting the continuous control of the fault during the deposition.  Hence, although 
seismic interpretation of main Pliocene to Holocene surfaces is performed in the whole area 
of the 3D seismic volume, structural observations and analysis of growth strata are 
constrained to the area next to the Bahia Fault and the main depocentre of the Bahia Basin 
(red square in Figure 6.4).  The result of this interpretation is presented as time-structure 
maps at the top of each seismic-stratigraphic unit (Figure 6.7A-G), which help to describe 
the geometry and distribution of compression and extension-related structures. 
 
6.3. Geometry and distribution of compression-related structures 
Three main inversion structures are identified related to the three segments of the Bahia 
Fault: Anticline 1 in the southern segment (now referred as “Bs”), Anticline 2 in the central 
segment (now referred as “Bc”) and Anticline 3 in the northern segment (now referred as 
“Bn”) (Figs 6.5 and 6.7).  In addition, a fourth anticlinal structure is also mapped related to the 
offshore continuation of the Santa Marta- Bucaramanga Fault (SMBF, labelled Fault D in Figs 
6.4 and 6.7). 
 
 
 
Figure 6.7.  Plio-Pleistocene time-structure maps and simplified structure maps along the Bahia Fault illustrating 
the structural style of extensional and reverse structures in a transpressional setting.  Important structures 
discussed in the text are labelled.  A) Top of intra-Pliocene 1 (IP-1).   
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Figure 6.7 (continuation).  B) Top of intra-Pliocene 2 (IP-2).   
 
 
 
 
 
 
Figure 6.7 (continuation).  C) Top of intra-Pliocene 3 (IP-3).   
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Figure 6.7 (continuation).   D) Top of intra-Pliocene 4 (IP-4).  
 
 
 
 
 
 
Figure 6.7 (continuation).  E) Top of intra-Pliocene 5 (IP-5).   
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Figure 6.7 (continuation).  F) Top of intra-Pleistocene (IPL) and edge-detect attribute map. 
 
 
 
 
 
 
Figure 6.7 (continuation).  G) Seabed time-structure map and edge-detect attribute map. 
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6.3.1. Inversion along the southern segment of the Bahia Fault (Bs) 
The southern high in the footwall of the Bahia Fault (SH, Figure 6.4) corresponds to a 
complex inversion structure that has uplifted a previous Miocene depocentre.  Time-
structure maps of Pliocene units show an anticline structure (Anticline 1 in Figure 6.7) mainly 
controlled by the Bahia Fault, although the strike of the fold is oblique to the trend of the 
fault.  Seismic profiles oriented perpendicular (Figure 6.8A-B) and oblique (Figure 6.8C) to 
the Bahia Fault illustrate the structural features of Anticline 1.  The Bs Fault (Figs 6.7 and 6.8) 
displays a planar geometry, dips steeply towards the NW, and becomes vertical upwards as it 
is covered by Plio-Pleistocene sediments (i.e. the fault dies out within unit IP-3, Figure 6.8).  
As described in CHAPTER 5, a northern splay of the Bahia Fault (i.e. Fault X) separates 
progressively towards the east (cf. Figure 6.8A-B).  Fault X displays a planar geometry, 
steeply dips towards the SE, and bounds a deep, narrow depocentre towards the NW that 
formed during Miocene times (Figs 6.4A, and 6.8); however, the fault does not propagate 
upwards and stops below the UMLPU.  These two faults (i.e. Bs and X faults) bound a pop-up 
structure that affects the pre-upper Miocene section and forms a positive flower structure. 
 
Above the pop-up structure, Plio-Pleistocene units illustrate the growth of Anticline 1.  Time-
structure maps show the change in the fold strike from SSW-NNE in deeper maps (i.e. 
UMLPU to IP-3) to NE-SW and WSW-ENE in shallower sections (Figure 6.7).  The folds 
verges towards the E to SE, defined by an eastern to south-eastern steeply dipping forelimb 
(maximum dip 55o), while the backlimb dips gently towards the W to NW (maximum dip 25o) 
(Figure 6.8).  Moreover, fold limbs display fanning dips with decreasing angles from base to 
top, evidence for progressive limb rotation.  Hence, evident thinning of Plio-Pleistocene units 
(i.e. IP-1, IP-2, IP-3, IP-4, IP-5 and IPL) towards the crest of the structure and the progressive 
limb rotation suggest the syntectonic deposition of sediments during the growth of Anticline 
1.  However, growth of Anticline 1 is complex, and displays a combination of fold 
propagation and backthrusting along Bs and X faults, respectively.  The Bs Fault propagates 
upwards along the frontal limb of the structure up to the top of unit IP-3 (Figure 6.8B), and 
this is recorded by onlap seismic terminations and progressive limb rotation.  The crest of 
the structure has a SSW-NNE trend, oblique to the Bahia Fault, parallel to the underlying 
Fault X.   
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Figure 6.8.  Seismic sections (left) and corresponding interpretation (right) across Anticline 1.  A) SW section 
perpendicular to the southern segment of the Bahia Fault (Bs) illustrates Anticline 1 above a pop-up structure 
bounded by faults Bs and X.  B) NE section perpendicular to Bs illustrates the separation of Fault X towards the 
north.  C) Dip-section across the central part of the fold, oblique to the trend of Fault Bs.  Arrows highlight 
changes in thickness and onlapping reflector terminations.  For location see Fig. 6.7.
Chapter 6 – Inversion and transpression in the Bahia Basin  
 
188 
This alignment of the axial surface of the fold and the fault trends may indicate that folding 
is also occurring by backthrusting and/or buttressing along the mechanical discontinuity 
generated by Fault X (cf. Figure 6.1i).  Then, the depocentre on the north-western side of 
Fault X has become inverted along the backlimb of Anticline 1, as deposition continued in 
the main depocentre of Bahia Basin. 
 
6.3.2. Inversion along the central segment of the Bahia Fault (Bc) 
The Bc Fault has a mainly sub-vertical, planar geometry, dipping towards the SE, and forms 
the boundary of the main depocentre of the Bahia Basin towards the SE (Figure 6.9).  The 
fault plane separates the more rigid footwall of Miocene rocks, from the Pliocene units that 
constitute the basin fill.  Hence, the hanging wall of the central segment of the Bahia Fault 
forms a typical inversion structure (i.e. Anticline 2, Figure 6.9A) in response to the 
buttressing effect produced by the compression of the basin fill against the central high.  
However, the fault also appears to have undergone a reverse reactivation, as the fault plane 
shallows upward (Figure 6.9B-C).  Furthermore, the presence of a null point at the top of 
unit IP-2 in the northernmost section (Figure 6.9C) supports reverse reactivation of the 
central segment of the Bahia Fault. 
 
The SSW-NNE trending Anticline 2 is ca. 8 km in length (e.g. Figure 6.7C).  Fold limbs display 
fan geometries, with dips decreasing from base to top, particularly between units IP-3 and 
IPL, but with slightly steeper angles in the WNW-dipping forelimb (i.e. maximum dip 50o) 
than in the ESE-dipping backlimb.  Hence, the fold is slightly asymmetrical, with vergence to 
the WNW, and the axial plane is sub-vertical, dipping towards the ESE and intersecting the 
Bahia Fault below the UMLPU (Figure 6.9).  The trend of the anticline is ca. 15o oblique to the 
trend of the Bahia Fault, so that the fold is open in the SSW and closes against the Bahia 
Fault towards the NNE (Figure 6.7B).  Similarly, fold amplitude increases from SSW to NNE, 
as the trends of the fold and fault intersect (Figs 6.7A-C, 6.9A-C).  To the south (Figure 6.9A), 
Anticline 2 is wide and a syncline is formed between the anticline and the Bahia Fault.  
Towards the centre of the fold, the anticline is tighter and the crest of the anticline is 
disrupted by the presence of a mud volcano (i.e. “MV3” Figure 6.9B).  This suggests that 
overpressured shale from Oligocene age appears to use the Bahia Fault as a conduit to 
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facilitate the mud flow towards the surface.  Finally, in the northernmost section (Figure 
6.9C), Anticline 2 is the highest and tightest.  In addition, onlap geometries and the lack of 
deposition of unit IP-4 towards the crest of the structure, allow the relative temporal 
evolution of the fold to be interpreted.  In summary, cross-sectional geometry of Anticline 2 
(Figure 6.9) displays a relatively constant thickness of units IP-1 and IP-2 across the fold, 
which suggests a pre-growth deposition; then, significant thinning and onlap geometries 
towards the crest of the structure support an active growth of the fold during the deposition 
of units IP-3 to IPL. 
 
6.3.3. Inversion along the northern segment of the Bahia Fault (Bn) 
Anticline 3 (Figs 6.5, 6.7 and 6.10) is a NE-SW elongated inversion structure formed in the 
relay zone between faults Bc and Bn.  From SW to NE, Fault Bc dips steeply towards the SE 
(>70o) (Figure 6.10A) and splays into small-displacement, high-angle normal faults (Figure 
6.10B).  On the other hand, Fault Bn has a low angle for normal faulting (i.e. between 35o 
and 55o) (Figure 6.10A-C); this low dip might be explained by a rotation of the fault plane in 
response to the compressional stress during inversion.  Thus, the angle of the fault is 
reduced to facilitate the inversion and growth of the anticline.  Nonetheless, the fold does 
not show a clear vergence and displays a rather symmetrical geometry, where the south-
eastern limb displays slightly steeper dips (ca. maximum dip 23o) than the north-western 
limb (ca. maximum dip 19o).  Flanking synclines are clearly visible on time-structure maps 
and seismic profiles within units IP-2 and IP-3 (Figs 6.7B and 6.10). 
 
Anticline 3 strikes parallel to Fault Bn extending a distance of ca. 7.5 km, within the area of 
the 3D seismic survey (e.g. Figure 6.7B).  However, the geometry of the anticline changes 
along the strike, and seems to respond to the control played by the termination of the Bc 
Fault.  Hence, at the top of unit IP-3, the anticline is tightest in the south-westernmost sector 
(ca. 4.6 km, Figure 6.10A) and then widens towards the central part (ca. 5 km, Figure 6.10B) 
as fault splays.  In the north-easternmost section, Anticline 3 is widest (ca. 5.4 km, Figure 
6.10C) and the Bc Fault is no longer present. 
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Figure 6.9.  Seismic sections (left) and corresponding interpretation (right) across Anticlines 2 and 4.  Anticline 2 is 
an inversion structure in the hangingwall of the central segment of the Bahia Fault (Bc), and Anticline 4 is a fault-
propagation fold in the hangingwall of Fault D.   A) Dip-section across the southern sector of the fold.   B) Dip-
section across the central sector of the fold illustrates the occurrence of a mud volcano (MV3) at the crest of the 
structure.  C) Dip-section across the northern sector, where the fold is the tightest and displays the presence of a 
null point at the top of unit IP-2.  Arrows highlight changes in thickness and onlapping reflector terminations.  For 
location see Fig. 6.7. 
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Figure 6.10.  Seismic sections (left) and corresponding interpretation (right) across Anticline 3.  A) Dip-section 
perpendicular to the relay zone between the central (Bc) and northern (Bn) segments of the Bahia Fault.  B) Dip-
section illustrates the termination of Fault Bc as the fold widens.  C) Dip-section illustrates the northern sector of 
the fold in the hangingwall of Fault Bn.  Arrows highlight changes in thickness and onlapping reflector 
terminations.  For location see Fig. 6.7. 
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Anticline 3 deforms units IP-1, IP-2 and IP-3 (Figure 6.10).  The units thicken towards the axis 
of the fold, suggesting that were deposited during an initial extensional stage within the 
hangingwall of the Bahia Fault.  The deposition of unit IP-4 displays onlap geometries and 
thinning towards the crest of the structure, which suggests that the anticline grew during the 
IP-4 times (Figure 6.10).  Finally, units IP-5, IPL and IPH are not deformed and were 
deposited post-folding, thus burying the fold. 
 
6.3.4. Shortening along Fault D 
In previous chapters, Fault D has been described as the offshore continuation of the regional 
Santa Marta-Bucaramanga Fault (SMBF).  This fault controls the southern extension of the 
Bahia Basin towards the continent, where 2D seismic data shows evidence for basin 
inversion.  However, this event of inversion is only interpreted towards the south, closer to 
the current shoreline (see CHAPTER 5), and is not obvious within the area of the 3D seismic 
survey, where the fault forms the eastern boundary of the Bahia Basin.  To further investigate 
the shortening that affected the Bahia Basin during Plio-Pleistocene times, this section 
describes the anticline observed in the hangingwall of Fault D (Figs 6.5D and 6.9). 
 
Fault D is a high-angle (>60o) reverse fault (Figure 6.9) and probably has also accumulated 
left-lateral displacement as part of the regional strike-slip Santa Marta-Bucaramanga Fault 
System.  The fault trends S-N in the southern area of the 3D seismic volume, and then bends 
towards the NNE, parallel to Anticline 4 (Figure 6.7).  Time-structure maps (Figure 6.7) show 
a persistent high in the eastern margin of the Bahia Basin.  The structure broadly displays a 
monocline geometry dipping towards the west, although a fault-propagation fold is present 
to the east of Fault D (i.e. Anticline 4).  This fold is open towards the NNE into the monocline 
and plunges towards the SSW where it closes against Fault D. The WNW verging anticline 
displays fanning-dips (ca. 15o to 55o) in its forelimb, and a wide syncline in its backlimb 
(Figure 6.9).  Anticline 4 is controlled by Fault D as this propagates through its forelimb and 
cuts upwards until unit IP-3.  The fold is ca. 4.5 km long and 1.5 km wide at IP-1 level, and 
progressively reduces its size as it is covered by sediments, until it disappears within unit IP-5 
(Figure 6.5).  Thus, onlap geometries and thinning of strata onto the crest of Anticline 4 
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within units IP-3, IP-4 and IP-5, indicate that Fault D and Anticline 4 formed during IP-3 to IP-
5 times. 
 
6.4. Areas of continuous extension 
As described in the previous section, during Plio-Pleistocene times the Bahia Basin 
experienced compression and basin inversion, expressed as folding and anticline-growth 
recorded by syntectonic sedimentation.  However, extensional structures are also seen on the 
south-eastern side of the Bahia Fault, within the main depocentre.  Here, these extension-
related structures are discussed further. 
 
6.4.1.  Extension in the central area of the Bahia Basin  
Prior to Pliocene times, the relay zone between the Bs and Bc faults is interpreted as a 
negative flower structure characterised by multiple normal faults converging in depth along 
the main trace of the NE-SW trending Bahia Fault (see CHAPTER 5).  Larger extension 
accumulated on the south-eastern side of the Bahia Fault, thus opening the main depocentre 
of the Bahia Basin.  Although most faults affected only the Miocene section, some faults with 
normal displacement are still active during early Pliocene times, affecting units IP-1 to IP-3, 
and then are buried by late Pliocene to Holocene sedimentation (Figs 6.5B and 6.11). 
 
Main active faults are the SE-verging relay and central segments of the Bahia Fault (Rc and 
Bc on Figure 6.11, respectively) and a pair of antithetic normal faults within the area of the 
depocentre (Nc1 and Nc2 on Figure 6.11).  These faults display a planar geometry, steep 
dip, and converge in depth at ca. 6000 ms TWT. A fourth normal fault (Nc3 on Figure 6.11) 
bounds the southern boundary of a horst formed in the mid sector of the main depocentre.  
This fault however, is not a splay of the Bahia Fault; it has a listric geometry dipping to the 
SSE, and possibly detaches within the overpressured-shale unit of Oligocene age.  This 
structure may be related to the formation of the large mud volcano observed within the Plio-
Pleistocene section (i.e. “MV1”, Figure 6.11). 
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Figure 6.11.  Dip seismic section (above) 
and corresponding interpretation (below) 
across the central sector of the Bahia 
Basin (i.e. panel B in Fig. 6.5).  This 
illustrates the continuous extension along 
faults Rc, Bc, Nc1, Nc2 and Nc3 during 
early Pliocene times (i.e. units IP-1, IP-2 
and IP-3).  The normal displacement 
along Rc support the continuous 
clockwise vertical-axis block rotation in 
the footwall of the Bahia Fault (see 
Chapter 5), which supports dextral 
deformation.  Local depocentres next to 
mud volcanoes (MV 1 and MV6) support 
the occurrence of mud-withdrawal mini-
basins (see Chapter 4).  For location see 
Fig. 6.4. 
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Figure 6.12.  Strike seismic section (above) and corresponding interpretation (below) through the Bahia Basin.  This section illustrates the normal displacement of faults C, C1 
and C2, on the south-western margin of the Bahia Basin and its activity during Pliocene times.  However, thinning of sediments towards north-eastern margin suggest a 
concomitant occurrence of extension and compression. For location see Fig. 6.4. 
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6.4.2.  Extension in the south-western corner of the Bahia Basin 
The south-western corner of the Bahia Basin is characterised by the formation of normal 
faults between the W-E trending Fault C and the NE-SW trending Bahia Fault.  Figure 6.12 
shows a seismic profile across the main depocentre from Fault C in the SW to Fault D in the 
NE.  Normal faults are identified in the south-western side of the basin, mainly related to the 
basin-boundary Fault C zone.  Although some faults may have a detachment within the 
shale-rich section of Oligocene age, the main three faults (i.e. Faults C, C1 and C2 on Figure 
6.12) are interpreted as deep-rooted planar faults, dipping between 60o and 70o towards the 
NE.  These faults affect the complete pre-upper Miocene section, and are active during 
Pliocene times, as the clear change in thickness of units IP-1 to IP-4 indicates. 
 
6.5. Seismic-stratigraphic patterns of syntectonic sedimentation 
This section describes the thickness and seismic-stratigraphic patterns of the basin fill, and its 
use to interpret the relative-temporal evolution of compressional and extensional structures 
in the Bahia Basin.  Isochron maps of the different units within the Miocene (Figure 6.13A) 
to Plio-Pleistocene section (Figure 6.13B-H) are used to identify thickness variations that 
help to deduce depocentre formation and/or migration, and crestal-thinning related to 
active structures.  The temporal comparison of these features can then be correlated to 
depict the kinematic evolution of the basin. 
 
6.5.1. Intra-Pliocene 1 (IP-1) 
Unit intra-Pliocene 1 (IP-1) is the first unit deposited unconformable over the Miocene 
succession (Figs 6.3 and 6.7A).  This unit is characterised by tabular and parallel reflections 
with increasing amplitude towards the top, and onlap geometries against local highs (e.g. 
Figs 6.8, 6.9, 6.10 and 6.12).  The isochron map of unit IP-1 (Figure 6.13B) illustrates the 
formation of the main depocentre of the Bahia Basin on the south-eastern side of the Bahia 
Fault (cf. Figure 6.13A).  The thickest section is located immediately to the SE of the Bc Fault 
(up to 700 ms TWT thick), and a second thick section is located in the hangingwall of Fault C 
and the Bs Fault (500 ms TWT thick).  This demonstrates the control of both Bahia and C 
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faults on the deposition.  Additionally, a small, local, oval depocentre is observed between 
these two areas (dashed pink line on Figure 6.13B).  This depocentre is interpreted as a 
mini-basin controlled by local mud withdrawal and the formation of mud volcanoes MV1 
and MV2 (cf. Figs 6.4 and 6.11, and see CHAPTER 4). 
 
 
 
 
Figure 6.13.  Isochron maps illustrating the thickness of Miocene (A) and Plio-Holocene (B-H) units in the Bahia 
Basin.  Numbers 1 to 4 correspond to growing anticlines discussed in the text.  Colder colours highlight the 
location of depocentres; warmer colours correspond to thin sections, some of which can be interpreted as 
growing structures.  Note the initial shift in the location of depocentres from Miocene (at both sides of the Bahia 
Faults) to Pliocene (on the south-eastern side of the Bahia Fault).  A) Miocene, B) Unit IP-1, C) unit IP-2, D) unit IP-
3, E) unit IP-4, F) unit IP-5, G) unit IPL, G) unit PLH.  The maps has been rotated to facilitate the comparison 
among different units.  For location see Figs 6.3 and 6.4.    
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On the north-western side of the Bahia Fault, deposition is limited to the centre of the 
dataset (ca. 15 km wide) with a maximum time-thickness of 200 ms TWT.  Onlapping 
sediments towards the SW and NE suggest the presence of still-emergent areas along the 
footwall of the Bahia Fault (cf. Figure 6.13A). The change in thickness towards the SE is 
clearly marked by the presence of the Bahia Fault (e.g. 500 ms TWT across Bc, Figs 6.13A and 
6.13B).  In addition, unit IP-1 thickens gradually along the relay zones between each fault 
segment.  It is also worth noting that unit IP-1 gently pinches out towards the east, and there 
are no thickness-changes over Fault D (i.e. Anticline 4), indicating that the SM-BF was not 
active at this time (Figs 6.10 and 6.13B). 
  
6.5.2. Intra-Pliocene 2 (IP-2) 
Similar to unit IP-1, deposition of unit intra-Pliocene 2 (IP-2) is concentrated in the two main 
rectangular depocentres on the south-eastern side of the Bahia Fault (Figure 6.13C).  The 
depocentres are broadly similar in shape, albeit thicker (up to 700 ms TWT thick in front of 
Fault C), suggesting active extension along the Bahia and C faults.  However, a minor change 
in thickness is identified towards the east, where a local thinning can be correlated with an 
initial shortening along Fault D (i.e. growth of Anticline 4).  In addition, the main depocentre 
of the Bahia Basin extends further to the NE, which indicates a greater influence of the 
northern part of the Bc and the Bn Fault.  In this area (i.e. area of Anticline 3), a ca. 3 km-wide 
relay zone is formed between Bc and Bn fault segments, forming a monocline where the 
thickness of unit IP-2 increases in a wedge-like geometry from 0 to ca. 500 ms TWT.  
Towards the north-western side of the Bahia Fault, non-depositional areas were shrinking 
and gradually getting buried by thin amounts of sediment (up to 200 ms TWT thick).  Local, 
ovoid, mini-basins are still present on both sides of the Bahia Fault, related to the presence 
of mud volcanism (MV1, MV2 and MV4, cf. Figure 6.4). 
 
6.5.3. Intra-Pliocene 3 (IP-3) 
Deposition of unit intra-Pliocene 3 (IP-3) highlights a significant change in the configuration 
of the main depocentre of the Bahia Basin (Figure 6.13D). The south-western corner of the 
basin, between Bs and Fault C, remains relatively constant, albeit thicker, along the 
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hangingwalls of faults C, C1 and C2.  However, the central and eastern sectors of the basin 
change due to the growth of Anticlines 2 and 4.  The thickest section of unit IP-3 (up to 1300 
ms TWT thick) is now aligned in a NNE-SSW trend on the footwall of Fault D (see also Figure 
6.9).  This depocentre seems to continue northwards into the area of the relay zone between 
Bc and Bn, where a small depocentre (ca. 400 ms TWT) is preserved (Figure 6.14).  On the 
north-western side of the Bahia Fault, footwall highs are buried, together with the southern 
splay of the central segment in the relay zone (i.e. Rc, Figure 6.11).  Furthermore, NNE-SSW 
trending Anticline 1 is interpreted based on thin areas towards the crest of the structure and 
thickening towards its limbs. 
 
On seismic data, unit IP-3 is generally characterised by low-amplitude, parallel and 
continuous reflections, although in some areas, wedge geometries and local unconformities 
display higher amplitudes.  The base of the unit is broadly conformable on top of unit IP-2 
(e.g. Figure 6.12), although onlap geometries against older units (i.e. UMLPU, IP-1 and IP-2) 
are present in the areas where the unit is thinner (e.g. Anticline 1, Figure 6.8C).  Similarly, the 
top of the unit (Figure 6.7C) is a regional unconformity characterised by the development of 
toplap and onlap geometries (Figs 6.8, 6.9 and 6.10).  Wedge-like geometries are particularly 
formed in areas of anticlines 1, 2, and 4; where reflections converge towards the crest of the 
structures as the thickness of the unit decreases.  Thus, deposition of unit IP-3 is mainly 
controlled by the growth of fault-related anticlines 1, 2 and 4 (i.e. Bahia and D Faults), and 
the continuous extension along faults C, C1 and C2.  Furthermore, localized mini-basins 
continued to grow adjacent to mud volcanoes MV1 and MV2 in the hangingwall of the Bahia 
Fault, and particularly next to MV4 in the western corner of the survey (cf. Figure 6.4).  In this 
area, a large SSW-NNE elongated depocentre (>500 ms TWT, in Figure 6.13D) is located in 
the backlimb of Anticline 1, which suggests a control of the structure over the deposition.  
However, the thickest sector (>1000 ms TWT) next to MV4, can be correlated to a local mud-
withdrawal mini-basin in response to the load of sediments of units IP-2 and IP-3 (see 
CHAPTER 4). 
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Figure 6.14.  Seismic time-slice at 2600 ms TWT (left) and corresponding interpretation (right) illustrates the main 
depocentre in the hangingwall of Fault D extending towards the north into the relay zone between the central 
(Bc) and northern (Bn) segments of the Bahia Fault.  Note the location of the north, towards the right-upper 
corner.  For location see Fig. 6.13D. 
 
 
6.5.4. Intra-Pliocene 4 (IP-4) 
Unit Intra-Pliocene 4 (IP-4) unconformably overlies the top of unit IP-3.  Similar to previous 
units, reflections in the lower part of unit IP-4 are concordant in the centre of depocentres, 
but onlap the underlying seismic unit towards the flanks and crests of extant structures.  
Hence, although time-structure map at the top of unit IP-4 (Figure 6.7D) does not show 
evidence of the presence of the Bahia Fault, isochron thin sectors (i.e. <200 ms TWT) along 
the trend of the fault support the constant control of the fault (i.e. growth of Anticlines 1, 2 
and 3, Figure 6.13E).  Thus, the main feature of the deposition of unit IP-4 is the growth of 
Anticline 3 on the hangingwall of the northern segment of the Bahia Fault.  Furthermore, the 
NNE-SSW depocentre in the hangingwall of Fault D is reduced because of the growth of 
Anticlines 2 and 4.  Isochron thick areas (i.e. > 400 ms TWT) are preserved between Anticlines 
2, 3 and 4, and on both limbs of Anticline 1, supporting the control of the growing structures.  
In addition, local depocentres are constant next to mud volcanoes MV1, MV2, and MV4.  
Slight changes in thickness are also preserved next to Fault C and C2, suggesting some 
control over deposition. 
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6.5.5. Intra-Pliocene 5 (IP-5) 
Unit Intra-Pliocene 5 (IP-5) is broadly conformable on top of unit IP-4, and is characterised 
by high-amplitude, planar and continuous reflections, with local onlap geometries at the 
flanks of Anticlines 1, 2 and 4 (Figs 6.8 and 6.9).  This unit is relatively thin and just in a few 
areas it exceeds 400 ms TWT in thickness (Figure 6.13F). Differently from previous units, the 
Bahia Fault is not a major boundary within the basin.  There is a narrow NNE-SSW 
depocentre that crosses towards the SE above the area of the relay between Bs and Bc faults 
(i.e. 300 ms TWT).  However, thinning and local fanning dips at flanks of Anticlines 1 and 2, 
suggest that these folds are still active (Figs 6.8 and 6.9).  Similarly, fanning dips and the 
thinning of strata in the hangingwall of Fault D (Figure 6.13F), suggest that this structure 
was also active during the deposition of unit IP-5.  By contrast, Anticline 3 is covered by unit 
IP-5, indicating that it had stopped growing by this time. 
 
6.5.6. Intra-Pleistocene (IPL) 
The intra-Pleistocene unit (IPL) unconformably overlies the top of unit IP-5.  There is less 
thinning associated with Anticlines 1 and 2, and the length of the folds (at isochron-contour 
200 ms TWT) is reduced by ca. 900 m and 700 m, respectively (Figure 6.13G).  Anticlines 3 
and 4, on the other hand, are completely buried by unit IPL and edge-detect algorithm at the 
base (i.e. top of IP-5, Figure 6.7E) and top of unit IPL (Figure 6.7F) shows the presence of 
submarine channels, particularly in the eastern area of the survey.  These channels flow from 
SE, presumably from the Santa Marta Massif, towards the NW, and then are diverted towards 
the north and NE by the presence of Anticline 2 and mud volcanoes (Figs 6.7F and 6.13F). 
 
6.5.7. Pleistocene to Holocene (PLH)  
Late Pleistocene to Holocene unit (PLH) is characterised at the base by a continuous-peak 
reflection mapped throughout the area of the survey.  Time-structure maps at the base (i.e. 
top of IPL, Figure 6.7F) and the seabed (Figure 6.7G) are similar and show an open basin 
towards the north with clear boundaries to the south and east.  Edge-detect seismic 
attribute, highlights the occurrence of submarine channels slightly diverted by mud 
volcanoes and Anticlines 1 and 2.  This is confirmed by thinning in these areas (Figure 
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6.13H).  However, seismic reflections are usually continuous and do not displays clear basal 
onlap geometries as observed within previous units.  Instead, this last unit has parallel and 
continuous reflections that thin towards the crest of Anticlines 1 and 2. 
  
6.6. Structural evolution 
Analysis of growth strata patterns and time-thickness variations of seismic-stratigraphic units 
allow the temporal evolution of transpressional-related structures within the Bahia Basin to 
be constrained.  Hence, main observations on timing, and trend of active structures and 
locus of main depocentres are illustrated on schematic maps in Figure 6.15 and summarised 
in Figure 6.16, which help to show the evolution of the Bahia Fault inversion through time.  
Inset diagrams in Figure 6.15 illustrate the theoretical structures formed under conditions of 
dextral shear, dextral transpression and continuous dextral transpression.  Note these 
diagrams, consider only one principal displacement zone (PDZ) a do not include local 
heterogeneities such as the presence of other regional faults (i.e. Fault D). 
 
The Bahia Fault, with net extension, controls the north-western boundary of the main 
depocentre towards the SE.  Initially, the switch from thickening of the Miocene unit (Figs 
6.13A and 6.6) to thinning of unit IP-1 on the north-western side of the Bs Fault (Figs 6.7A-B, 
and 6.8), indicates that initiation of growth of Anticline 1 occurred immediately after the 
UMLPU, during deposition of unit IP-1 (Figure 6.15A).  Onlap terminations of unit IP-1 
depict a wide non-depositional area along the north-western side of the Bahia Fault (Figure 
6.13B).  This area is reduced during deposition of IP-2, and constrains the location of 
Anticline 1 during the initial stage of uplift (Figure 6.15A).  Hence, Anticline 1 initiated as a 
low-relief, SSW-NNE trending structure, verging to the ESE.  The trend of the fold is nearly 
45o oblique to the trend of the Bahia Fault and supports right-lateral displacement (see inset 
Figure 6.15A).  It is not clear, however, if the fold formed via a buttressing effect against the 
Bahia Fault or because of displacement along the fault, although significant thickness 
changes across the fault suggest a greater influence of displacement instead of pure 
buttressing. 
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Figure 6.15.  Schematic map-view reconstructions illustrating the evolution of transpression-related structures 
along the Bahia Fault.  For comparison, inset diagrams show the theoretical structures formed during dextral 
shearing and dextral transpression.  A) Evolution during deposition of units IP-1 and IP-2.  B) Evolution during 
deposition of unit IP-3.  C) Evolution during deposition of units IP-4.  D) Evolution during deposition of units IP-5.  
E) Evolution during deposition of units IPL and IPH.   
 
 
 
The thickness changes observed in the relay between Bs and Bc suggest that this part of the 
Bahia Fault was still accommodating extension (i.e. Rc, Figure 6.13B-C), which respond to 
the vertical-axis clockwise rotation of the central block (see CHAPTER 5).  At this time the 
Bahia Fault had a fault scarp along which continuous right-lateral strike-slip deformation 
accumulated.  Similarly, deposition of units IP-1 and IP-2 is contained within the area of the 
main depocentre by boundary Fault C in the south, but they thin gradually towards the east 
suggesting the presence of the Santa Marta Massif outside of the seismic survey.  There is 
however, a slight change in thickness in unit IP-2 that may suggest an initial growth of 
Anticline 4 (i.e. displacement along Fault D). 
  
Chapter 6 – Inversion and transpression in the Bahia Basin  
 
206 
Significant changes of basin configuration occurred during deposition of unit IP-3, controlled 
by growth of Anticlines 1, 2 and 4, and the development of depocentres at both sides of the 
Bahia Fault (Figure 6.15B).  Anticline 1 continued to grow, and in addition, onlap truncations 
and wedge-like geometries within unit IP-3 also indicate a syndepositional growth of 
Anticlines 2 and 4.  Anticline 2 is an inversion structure related to the Bahia Fault, but in 
contrast to Anticline 1, it formed on the south-eastern side of the Bahia Fault and displays a 
different mechanism of fold growth.  Cross-sectional geometry of Anticline 2 (Figure 6.9) 
illustrates a typical buttress fold, where Pliocene units (i.e. IP-1, IP-2 and IP-3) deposited on 
the hangingwall of the Bahia Fault are shortened and folded towards the fault during 
inversion.  It is important to note, however, that the trend of the fold is slightly oblique 
(<45o) to the trend of the Bahia Fault (SSW-NNE), which supports a model of dextral 
transpression (Sanderson and Marchini, 1984; Fossen and Tikoff, 1998) (see inset Figure 
6.15B).  Similarly, Anticline 4 strikes parallel to Anticline 2, but it grows in response to the 
propagation of Fault D, as this structure started to control the eastern boundary of the Bahia 
Basin at this time. 
 
It is important to highlight that, despite of the occurrence of shortening across the basin that 
resulted in the formation of Anticlines 1, 2 and 4, extension is also observed during the 
deposition of unit IP-3.  Anticline 2 records WNW-ESE oriented shortening (Figs 6.9 and 
6.15B), and ca. 5 km towards the SE, SSE-NNW extension is observed also in the hangingwall 
of the Bc Fault (Figs 6.11 and 6.15B).  Simultaneously, ca. 2.5 km towards the NW from 
Anticline 2, thickening of unit IP-3 along the relay zone between Bc and Bn, also suggest 
extension.  Finally, NE-SW extension is observed within the forelimb-syncline of Anticline 1 
(i.e. south-eastern side of Fault Bs), along faults C, C1 and C2, in the south-western corner of 
the Bahia Basin (Figs 6.12 and 6.15B). 
  
Inversion structures (i.e. Anticlines 1 and 2) continued to grow during deposition of unit IP-4 
(Figure 6.15C).  Similar to previous stage, growth in Anticline 1 continues mainly via vertical 
amplification, although isochron thin areas suggest a slight displacement (c.a. 1 km) of the 
crest of the structure towards the east.  Anticline 2 appears to have grown significantly at this 
time as can be seen by the thinning of unit IP-4 across the structure.  Buttressing effect of 
the Pliocene sediments against the fault seems to be the main folding mechanism for the 
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formation of Anticline 2.  This is supported by consistent variation of fold geometry along 
the strike, i.e. from low-amplitude and long wavelength at greater distances from the fault 
(i.e. southern plunge, Figure 6.9A), to high-amplitude and short wavelength towards the 
crest where the fold and fault intersects (i.e. northern section, Figure 6.9C).  However, the 
presence of a null point (sensu Hayward and Graham, 1989; Williams et al., 1989; Turner and 
Williams, 2004; Bonini et al., 2012) at the top of unit IP-2, together with the upward 
shallowing of the Bahia Fault in the area of maximum shortening, support a reverse 
reactivation of the fault.   In addition to the growth of Anticlines 1 and 2, inversion of 
Anticline 3 is interpreted along the Bn Fault during the deposition of unit IP-4.  The switch 
from thickening of units IP-1, IP-2 and IP-3 (Figs 6.13B-D and 6.15A-B) to thinning of unit IP-
4 along the relay zone between northern and central segments and in the hangingwall of the 
central segment (Figure 6.13E), indicates that initiation of growth of Anticline 3 occurred 
during the deposition of unit IP-4 (Figure 6.15C).  This switch from net extension and 
increase of the accommodation space (i.e. local subsidence), to uplift and decrease in 
accommodation space is typical of inverted extensional basins (Hayward and Graham, 1989; 
Williams et al., 1989; Turner and Williams, 2004; Bonini et al., 2012).  However, the cross-
sectional geometry of the fold (i.e. Figure 6.10) displays a complex geometry affected by the 
presence of two main fault segments.  The relative low dip of the Bn Fault suggests a 
horizontal-axis rotation of the fault plane during compression, which would facilitate the 
reactivation of the fault as a thrust (e.g. Buchanan and McClay, 1991; Knott et al., 1995; Del 
Ventisette et al., 2006).  In addition, the structure is affected by the northern culmination of 
the Bc Fault, which splays out along three fault segments with small normal displacement.  
Because of this complexity it is difficult to determine if inversion occurred associated with 
reverse reactivation of the Bn Fault or whether growth of Anticline 3 is caused only by 
buttressing of units IP-1, 2 and 3.  However, in comparison to Anticline 2, there is no 
development of a null point along any of the faults segments, which suggests that folding 
and growing of Anticline 3 occurred mainly by a buttressing effect.  In fact, multiple field and 
analogue studies have widely recognized that even when initial normal faults are not 
reactivated during inversion, they do represent a mechanical discontinuity for buttressing to 
occur, which in this case is particularly localized along the termination of the Bc Fault (e.g. 
Coward et al., 1991; Erickson et al., 2001; Scisciani, 2009; Bonini et al., 2012b). 
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By IP-5 the shortening was significantly reduced (Figure 6.15D).  There are only minor 
changes in thickness and onlap geometries along the crest of Anticlines 1 and 2, while 
Anticline 3 is completely buried by sedimentation. Fault D is still active as shown by the 
monocline-thin sector of the basin (Figure 6.13F).  Unit IP-5 is widely distributed across the 
basin, and includes the formation of a narrow depocentre in the relay area between the Bs 
and Bc faults.  Anticlines 1 and 2 are still active in the middle of the basin and display a NE-
SW trend, which suggests that the Bahia Fault is still active at depth.  The clockwise rotation 
of the fold trends (from SSW-NNE to NE-SW) suggests a setting of continuous dextral 
transpression (Sanderson and Marchini, 1984; Fossen and Tikoff, 1998) (see inset Figure 
6.15D).  These conditions continued during deposition of unit IPL, characterised by the 
presence of submarine channels flowing northwards (Figure 6.13G).  Anticlines 1 and 2 
deflect these channels, although less onlap geometries are observed towards the crest of the 
structures.  Moreover, a main depocentre is now formed on the south-western side of the 
basin, which is related to the deposition of the Magdalena Fan.  Finally, in Pleistocene to 
Holocene times (Figure 6.15E), slope sedimentation is controlled by submarine channels 
flowing from SE (i.e. Santa Marta Massif) and south (i.e. Magdalena Fan), which are mainly 
deflected by mud volcanoes, and slightly by relict structures.  Anticlines 1 and 2 are covered 
by sediments and are not evident on current seabed bathymetry (Figure 6.7G).  The lack of 
clear onlap terminations and the change of dip direction in the frontal-syncline axial surface 
of Anticline 1, suggest that the Pleistocene to Holocene seismic unit drapes the structure.  
These observations suggest that the growth of inversion-related structures along the Bahia 
Fault have mostly finished by IPL times and have ceased entirely by Recent times. 
 
6.7. Discussion 
6.7.1. Synsedimentary transpression and basin inversion  
The use of growth strata to describe the kinematic evolution of compressional (e.g. 
Medwedeff, 1989; Beer et al., 1990; Suppe et al., 1992; Zoetemeijer et al., 1992), 
extensional (e.g. Prosser, 1993; Nottvedt et al., 1995; Moore et al., 1997) and inversion 
structures (e.g. Badley et al., 1989; Cartwright, 1989; Deeks and Thomas, 1995; Sinclair, 1995) 
has been widely discussed in literature.  In the case study of the Bahia Basin, seismic-
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stratigraphic units deposited during Plio-Pleistocene times are clearly syntectonic (i.e. growth 
strata) and record the evolution of inversion-related structures within a transpressional basin.  
Anticlines 1, 2 and 3, formed along the different segments of the Bahia Fault, and extensional 
structures on the south-eastern side of the fault, are examples of the concomitant inversion 
and extension expected to occur within transpressional basins (e.g. Wakabayashi et al., 2004; 
Allen and Allen, 2013). 
 
Anticline 1 is an inversion structure formed on the north-western side of Bs, immediately 
after the UMLPU.  It should be noted, however, that this case of basin inversion is not related 
to a reactivation of an early normal fault, but to a differential reactivation of an early pop-up 
structure bounded between the Bahia Fault in the SE and Fault X in the NW.  This pop-up 
structure was active during Miocene times, and as it grew, formed a pair of depocentres at 
both sides of the structure (Figure 6.6).  Post late Miocene times transpression was 
concentrated along the Bahia Fault, which caused the uplift of the north-western side on the 
fault.  The occurrence of this pop-up structure is a typical feature of transpressional settings 
(e.g. Harding and Lowell, 1979; Sanderson and Marchini, 1984; Harding, 1985; McClay and 
Bonora, 2001; Pace and Calamita, 2014).  Furthermore, the kinematic evolution of Anticline 1 
during the deposition of the Plio-Pleistocene growth strata, is similar to the one observed in 
analogue experiments.  McClay and Bonora (2001) documented that pop-up-boundary faults 
display a concave geometry that steepens upwards as the fault propagates into the 
synkinematic strata, which is similar to the evolution displayed by the Bahia Fault during 
deposition of units IP-1, IP-2 and IP-3.  On the other hand, the occurrence of Fault X in 
the backlimb of the structure is similar to other mechanical discontinuities observed in 
hangingwalls of compressional structures during basin inversion (e.g. Bonini et al., 2012; Di 
Domenica et al., 2014; Pace and Calamita, 2014).  Although the case of Anticline 1, is not 
related to the reverse reactivation of an earlier normal fault as described in classical 
examples of inversion structures (e.g. Cooper et al., 1989; Hayward and Graham, 1989; 
Williams et al., 1989), it does involve the inversion of an earlier fault-bounded basin and its 
subsequent uplift within a hangingwall block.  Thus, Anticline 1 should be considered a 
typical example-structure of basin inversion in strike-slip settings, and consequently can be 
added to the type-examples shown in recent reviews of basin inversion (e.g. Turner and 
Williams, 2004; Bonini et al., 2012). 
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Figure 6.16.  Chronological chart showing the evolution of main structures in the Bahia Basin.  
 
 
Anticlines 2 and 3, meanwhile, display characteristic features of typical inversion-related 
structures where a site of net subsidence, bounded by extensional faults, switch to a site of 
net uplift and decrease of accommodation space (e.g. Hayward and Graham, 1989; Williams 
et al., 1989; Turner and Williams, 2004; Bonini et al., 2012).  Anticline 2, is located on the 
south-eastern side of the Bc Fault, which is the site where the main depocentre of the Bahia 
Basin was located during late Miocene and early Pliocene times (i.e. units IP-1 and IP-
2).  Growth of the structure occurred mainly during deposition of units IP-3 and IP-4, and 
ceased only in Pleistocene to Holocene times.  As has been documented for many other 
examples of inversion-related structures, inversion is displayed mostly as a buttress fold of 
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the basin fill towards the fault (e.g. Butler, 1989; Dart et al., 1995; Sibson, 1995; Flottmann 
and James, 1997; Jackson et al., 2013); however, flattening of the top section of the fault and 
the presence of a null point at the top of unit IP-2 confirm also that uplift of the structure 
occurred as reverse reactivation of the fault plane.  Although the reverse reactivation of high-
angle normal faults is mechanically difficult (e.g. Sibson, 1985, 1995; Buchanan and McClay, 
1992), the presence of low friction along the fault (Sibson, 1995; Collettini and Sibson, 1997; 
Marques and Nogueira, 2008) or the obliquity between the direction of compression and the 
fault plain (Brun and Nalpas, 1996; Dubois et al., 2002; Amilibia et al., 2005; Panien et al., 
2005; Quintana et al., 2006; Yagupsky et al., 2008; Withjack et al., 2010; Di Domenica et al., 
2014), can facilitate the inversion of these high-angle faults.  Both situations take place in 
Anticline 2, where the presence of a mud volcano (MV3) support the hypothesis of low 
friction along the fault plane, and the oblique subduction of the Caribbean Plate support a 
regional setting of transpression along the Bahia Fault. 
  
Finally, Anticline 3 is located in the relay zone between the central and northern segments of 
the Bahia Fault, which corresponds to a site of net subsidence during the deposition of units 
IP-1, IP-2 and IP-3.  Mild inversion and uplift of the structure is evident only during 
deposition of unit IP-4, as following units cover the structure.  In contrast to Anticline 2, and 
in spite of the low dip of the northern segment, inversion-related uplift occurs mainly as 
buttressing effect of the basin fill against the fault segments, as there is no evidence of the 
presence of a null point.  The absence of a null point does not preclude completely the 
possibility of reverse reactivation and just establishes that the hangingwall of the fault is still 
in net extensional displacement, which is characteristic of mild inversion.  In addition, the 
northern termination of Bc forms a main mechanical discontinuity that constrains the 
location of the fold, therefore, forcing the uplift parallel to the trend of the fault in a NE-SW 
trend, different from the trend observed in the other compressional folds. 
 
In summary, Anticlines 1, 2 and 3, formed along each segment of the Bahia Fault, and display 
geometries typical of inversion structures.  Growth of the structures occur diachronously 
along the Bahia Fault, and display a trend from SW to NE, where growth of Anticline 
1 started during deposition of unit IP-1, growth of Anticline 2 during deposition of unit IP-3 
and growth of Anticline 3 during deposition of unit IP-4 (Figure 6.16).  Hence, compressional 
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stress seems to have increased diachronously from SW to NE during Plio-Pleistocene times, 
and reached a maximum during deposition of unit IP-4, causing not only the growth of 
extant Anticlines 1 and 2, but also the growth of Anticline 3 in the north-eastern extension of 
the Bahia Fault. 
 
Interestingly, synextensional structures are also observed in the south-eastern side of the 
Bahia Fault during Plio-Pleistocene times.  Extension is initially recorded as thickening of 
seismic-stratigraphic units along the hangingwall of the Bahia Fault, including the areas of 
Anticlines 2 and 3, but more importantly the main stage of extension occurred during 
deposition of unit IP-3 and continued during IP-4, simultaneous to the stage of major 
growth within anticline structures.  This major extension occurred along faults C, C1 and C2, 
which are large normal faults, obliquely connected to the Bahia Fault, and described the 
stepped-south-western corner of the Bahia Basin.  The occurrence of these oblique faults, 
connecting main-boundary faults of the Bahia Basin, is typical of strike-slip basins (e.g. 
Dooley and McClay, 1997; Basile and Brun, 1999; Dooley and Schreurs, 2012).  Extension 
occurs in a NE-SW trend, broadly parallel to the trend of the Bahia Fault and the axis of 
compressional structures (Figure 6.15).  Thus, this concomitant extension in the south-
western corner of the basin and compression in the north and north-eastern margins, 
support that inversion structures along the Bahia Fault are not the result of simple 
orthogonal compression but the result of transpression, which also records local extension.  
Furthermore, the location of the extension suggests the opening of the basin in SW 
direction, which relative to the Bahia Fault supports dextral displacement. 
  
The evolution of the Bahia Basin shows the continuous deposition since Miocene times, in an 
area limited by basin-boundary faults A and C (Figure 6.4).  Formation and migration of 
depocentres within the basin is controlled by the NE-SW trending Bahia Fault, which acts as 
a cross-basinal fault between faults C and A (see CHAPTER 5).  Later, inversion structures 
during Plio-Pleistocene times occur along the Bahia Fault.  And finally, bathymetry data does 
not show a clear-bounded depositional area within the Bahia Basin, which can be interpreted 
as the closure of the basin by Holocene times.  In summary, this succession of events, from 
migration of depocentres to inversion, is typical of strike-slip fault systems around the world 
(e.g. Christie-Blick et al., 1985; Allen and Allen, 2013); however, the occurrence of basin 
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inversion does not seem to be related to the migration of restraining bends along a main 
fault zone as described in models by Crowell, (1974a, 1974b, 2003), Reading (1980) and 
Wakabayashi et al. (2004).  Instead, it is thought to be associated with the presence of the 
Bahia cross-basinal fault, along which inversion structures occur.  Cross-basinal faults are 
typical features during the evolution of strike-slip basins in analogue studies (Dooley and 
McClay, 1997; Rahe et al., 1998; Basile and Brun, 1999; Sims et al., 1999; Wu et al., 2009; 
Dooley and Schreurs, 2012) and natural examples (e.g. Flinch et al., 1999; Barnes et al., 2001, 
2005; Reijs and McClay, 2003; Gürbüz and Gürer, 2009; Garcia Moreno et al., 2011), and can 
be the locus of compressional deformation that results in basin inversion as demonstrated 
within the Bahia Basin. 
 
6.7.2. Implications for the evolution of NW South America 
The margin between the Caribbean Plate and the NW corner of South America is dominated 
by the eastern movement of the Caribbean Plate with respect to a stable South America.  
Recent GPS studies support a velocity of 20 mm/yr towards the east that results in right-
lateral strike-slip displacement along the El Pilar Fault in northern Venezuela and 
transpression in NW Colombia (Pérez et al., 2001; Weber et al., 2001; Audemard, 2009; 
Jouanne et al., 2011; Reinoza et al., 2015; Symithe et al., 2015), where oblique subduction is 
characterised by shallow subduction, low seismicity and no magmatic activity (Pennington, 
1981; Kellogg and Bonini, 1982; Van der Hilst and Mann, 1994; Malavé and Suarez, 1995; 
Ojeda and Havskov, 2001; Sanchez et al., 2011; Vargas and Mann, 2013; Sanchez-Rojas and 
Palma, 2014).  This relative eastern movement has been proposed at least since Eocene times 
(i.e. 45 Ma) as recorded by the initial opening of the Cayman trough (Leroy et al., 2000).  
Thus, the opening of the Bahia Basin during Miocene times, has been described as the result 
of strain partitioning and right-lateral strike-slip deformation during the oblique subduction 
of the Caribbean Plate beneath the north-western corner of South America (CHAPTER 5). 
 
During Plio-Pleistocene times, compressional structures in the Bahia Basin tend to be aligned 
in a NNE-SSW trend and might be responding to a far-field stresses of oblique subduction of 
the Caribbean Plate.  However, observations in the Bahia Basin, including a marked regional 
unconformity of late Miocene to early Pliocene age (i.e. UMLPU) and the occurrence on 
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inversion-related structures during Plio-Pleistocene times, suggest a local change in the 
stress-field from transtension to transpression.  This rotation of the stress-field may have 
occurred to either a change in the direction of subduction or a change in the trend of the 
Bahia Basin, such that it would represent a slight change in the angle of obliquity between 
the direction of subduction and the Bahia Fault, and therefore support the onset of 
transpression. 
 
Recent reviews of tectonic reconstructions along the Caribbean-South American margin, 
support a constant eastward movement of the Caribbean Plate during post-late Miocene 
times (Pindell and Kennan, 2009; Escalona and Mann, 2011; Van Benthem et al., 2013; 
Bochman et al., 2014).  Pindell and Kennan (2009) not only support the eastern movement of 
the Caribbean Plate, but also suggest an accelerated tectonic escape of the Maracaibo Block 
during the last 10 Ma, although it might have started in late Oligocene to early Miocene 
times (Pindell et al., 1998; Mauffret and Leroy, 1999; Müller et al., 1999).  Furthermore, 
models by Audemard and Audemard (2002),  Audemard et al. (2005) and Audemard (2009) 
constrained the NNE tectonic escape of the Maracaibo Block during the last 5 Ma, an age 
broadly supported by the presence of Quaternary pull-apart basins along the Bocono Fault 
(Schubert, 1980; Schubert, 1984) and the left-lateral displacement (ca. <3 mm/yr, Jiménez et 
al., 2015) along the Santa Marta-Bucaramanga Fault.  In addition, recent apatite fission track 
analysis suggest a rapid uplift of the Santa Marta Massif during the last 16 Ma, possibly <1 
Ma? (Villagómez et al., 2011b).  The north-northeastward extrusion of the Maracaibo Block 
has been related to the collision and accretion of the Panama Arc to South America 
(Pennington, 1981; Mann and Burke, 1984; Van der Hilst and Mann, 1994; Trenkamp et al., 
2002; Audemard, 2009), which occurred since Middle Miocene times (Montes et al., 2015).  
Thus, there is still a wide uncertainty in the exact timing of the north-to-northeast expulsion 
of the Maracaibo Block, which is likely to have been particularly important for the formation 
of the Bahia Basin. 
 
Isochron maps in the area of the Bahia Basin (Figure 6.13) depict a fairly constant thin area 
towards the east, even from Miocene times (Figure 6.4 and 6.13A), which supports at least a 
distant control of the NW corner of the Santa Marta Massif (i.e. Maracaibo Block).  However, 
is only since the time of deposition of unit IP-3 that growth of Anticline 4, within the 
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hangingwall of Fault D, is clearly active (Figs 6.13D and 6.15B).  This growth suggests a major 
stage of uplift in the Santa Marta Massif, which in turn can be correlated with an acceleration 
of the northern expulsion of the Maracaibo Block.  Structural growth continues during 
deposition of unit IP-4 (Figs 6.13E and 6.15C), and seems to decline during deposition of unit 
IP-5 (Figs 6.13F, 6.15D and 6.16).  Even so, deposition of Pleistocene to Holocene times is 
characterised by large submarine channels flowing from the Santa Marta Massif, which 
suggests a continuous and regional uplift (Figs 6.13G-H and 6.15E). 
 
In summary, the occurrence of compressional structures in the Bahia Basin, may have been 
controlled not only by the oblique subduction of the Caribbean Plate, but also due to the 
tectonic escape of the Maracaibo Block towards the north.  This tectonic escape, may have 
induced the rotation of the local stress field, to support the onset of transpression and 
consequent inversion during Plio-Pleistocene times.  This change in the stress field is 
supported by the rotation anticlines from NNE-SSW in units IP-1 to IP-4, to NE-SW in IP-5 to 
Holocene, as suggested by the current stress field (Colmenares and Zoback, 2003).  However, 
more-precise age-constrained borehole data are required to define an absolute age for the 
basin evolution. 
 
6.8. Conclusions 
 Detailed seismic interpretation of growth strata deposited during Plio-Pleistocene 
times illustrates the presence of compressional and extensional structures that 
characterise the closing stage of the Bahia Basin.  Detailed structural analysis defines 
this closing stage as the result of transpressional inversion along the cross-basinal 
Bahia Fault.  This transpressional inversion is characterised by the formation of typical 
inversion structures along each segment of the Bahia Fault (i.e. “Anticline 1” in the 
southern segment, “Anticline 2” in the central segment and “Anticline 3” in the 
northern segment), and the concomitant extension along normal faults oriented 
broadly perpendicular to the trend of the inversion-related folds.  Furthermore, the 
occurrence of typical strike-slip structures such as a pop-up (i.e. Anticline 1), the en-
echelon arrangement of Anticlines 1 and 2 at both sides of the Bahia Fault and its 
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progressive clockwise rotation towards the trend of the fault, support continuous 
dextral transpression. 
 
 Growth strata were subdivided into seven seismic-stratigraphic units that help to 
characterise the temporal evolution and main folding mechanisms of the 
transpression-related structures.  Growth of Anticline 1 is recorded during the 
deposition of units IP-1 to IPL, with a maximum growth in units IP-3 and IP-4 and a 
main folding mechanism by displacement along the southern segment of the Bahia 
Fault (Bs).  Anticline 2 grew during the deposition of units IP-3 to IPL, and displays a 
combined folding mechanism by buttressing and reverse reactivation of the central 
segment of the Bahia Fault (Bc).  Growth of Anticline 3 is constrained to the time of 
deposition of unit IP-4, and grew mainly by buttressing effect against the northern 
segment (Bn) and the termination of the central segment of the Bahia Fault.   
Anticline 4 does not display an initial stage of extension and grew as a fold-
propagation fold along Fault D during deposition of units IP-3 to IP-5. 
 
 The overall evolution of the Bahia Basin is framed in an oblique subduction setting, 
where the eastward-directed Caribbean Plate subduced below the north-western 
corner of South America.  However, the accelerated expulsion of the Maracaibo Block 
during Pliocene times (recorded as the growth of “Anticline 4” along Fault D) may 
have induced the onset of transpression and local basin inversion. 
 
 Thus, syntectonic sedimentation records the closure of the Bahia Basin, which 
constitutes the most westernmost example of transpressional inversion along the 
margin between the Caribbean and NW South America.  However, better age-
constrained data is necessary to define an absolute age for the evolution of the Bahia 
Basin. 
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CHAPTER 7 
Discussion: Regional evolution of the 
Bahia Basin and implications in the 
NW corner of South America 
 
 
Detailed seismic interpretation and structural analysis of 2D-3D seismic datasets allow me to 
identify and characterise the occurrence of strike-slip-related deformation (i.e. from 
transtension to transpression) in the north-western corner of South America.  This new 
knowledge contributes to the understanding of the complex evolution along the Caribbean-
South American margin, particularly in the offshore area between the Magdalena Fan and 
the Santa Marta Massif (Figure 7.1).  Hence, this section describes a paleogeographic 
evolution of the Bahia Basin since middle Eocene times to Holocene.  This evolution is built 
upon the Caribbean tectonic model by Pindell and Kennan (2009), which is the current and 
most accepted model for the evolution of the Caribbean Plate, as has been tested by 
kinematic (Bochman et al., 2014) and tomography (Van Benthem et al., 2013) models.  
Furthermore, this evolution incorporates the ideas of previous paleogeographic 
reconstructions presented either regionally (i.e. South Caribbean scale; e.g. Pindell et al., 
1998; Mann et al., 2006; Pindell and Kennan, 2009; Escalona and Mann, 2011) or locally (i.e. 
NW corner of South America; Duque-Caro, 1979; Villamil, 1999; Reyes-Harker et al., 2000; 
Flinch, 2003; Moreno-Sánchez and Pardo-Trujillo, 2003; Pince et al., 2003; Gómez et al., 
2005a; Montes et al., 2005; Gómez et al., 2005b; Bayona et al., 2011; Ayala et al., 2012; 
Bayona et al., 2012; Bernal-Olaya, 2014).  Middle Eocene to Plio-Pleistocene regional 
paleogeographic maps, with the location of the Bahia Basin, are shown in Figures 7.2 to 7.6. 
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Figure 7.1.  Cross sections across the Bahia Basin at the rear of the South Caribbean Deformed Belt (accretionary prism).  A) NW-SE cross section showing the westernmost and 
narrow part of the basin between faults A and C as they split from the Galerazamba Fault.  B) Central, NW-SE cross section showing the occurrence of the cross-basinal Bahia 
Fault, which has split from Fault C.  C) Central, N-S cross section showing the widest and the deepest part of the basin; Fault A’ is the northern boundary of the basin, which has 
split from Fault A.  D) N-S cross section showing the eastern termination of the basin between Faults A’ and C as part of the Oca Fault System.  
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7.1. Pre-Middle Eocene  
During late Cretaceous to early Paleogene times, the front of the Caribbean Plate collided 
with NW corner of South America (Burke, 1988; Pindell et al., 2005; Kennan and Pindell, 2009; 
Pindell and Kennan, 2009).  As the Caribbean Plate moved northwards, the shallow and 
oblique subduction of the Caribbean Plate resulted in the accretion of island-arc and 
oceanic-plateau fragments into the continental margin (Kerr et al., 1997; Vallejo et al., 2006; 
Kennan and Pindell, 2009; Villagómez et al., 2011a; Wright and Wyld, 2011).  This event is 
also recorded by the presence of middle to high pressure metamorphic complexes in the 
NW corner of the Santa Marta Massif and the Guajira Peninsula (Cardona et al., 2010; Weber 
et al., 2010).   
 
During Eocene times the northward movement of the Caribbean Plate stopped due to the 
collision against the North American Plate, resulting in a relative-eastward movement of the 
Caribbean Plate which induced a more orthogonal subduction zone beneath South America 
(Müller et al., 1999; Pindell and Kennan, 2009).  This subduction formed a continuous N-S 
uplifted region which includes the Central Cordillera, the Santa Marta Massif, the Guajira 
Peninsula and Leeward Antilles, and is also represented by intrusive magmatism along the 
margin and intra-plate volcanism (Bayona et al., 2011; Cardona et al., 2011; Bayona et al., 
2012a; Cardona et al., 2014; Zapata et al., 2014) (Figure 7.2).  Onshore regions were 
characterised by subaerial depocentres with fluvial environments, as part of the proto-
Maracaibo Basin (Villamil, 1999; Gómez et al., 2005a; Gómez et al., 2005b; Escalona and 
Mann, 2011; Ayala et al., 2012).  In the offshore (e.g. Bahia Basin area), the San Jacinto 
accretionary prism had been forming since Paleocene times in the fore-arc region, and 
incorporating shallow marine to deepwater sediments (Duque-Caro, 1979; Duque-Caro, 
1984; Flinch, 2003; Guzmán, 2007; Rincón et al., 2007).  In the Bahia Basin area, this section is 
capped by an angular unconformity which correlates with a major regional unconformity 
developed onshore in NW South America, referred to as the middle Eocene unconformity 
(Duque-Caro, 1984; Villamil, 1999; Gómez et al., 2005a; Pindell and Kennan, 2009).  The onset 
of ESE-directed subduction is responsible of shortening and the uplift of the north-western 
corner of South America, expressed as this regional unconformity. 
Chapter 7 – Discussion: Regional evolution of the Bahia Basin  
 
222 
 
 
Figure 7.2.  Schematic paleogeographic reconstruction at middle Eocene times.  An early Paleogene magmatic arc dominates the NW corner of South America.  The continuous 
orogen include parts of the current Central Cordillera, Santa Marta Massif, Guajira Peninsula and Leeward Antilles. 
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Figure 7.3.  Schematic paleogeographic reconstruction during late Eocene to Oligocene times.  Right-lateral strike-slip deformation started in the NW corner of South America 
causing the opening of transtensional basins, and the displacement and dismembered of the early Paleogene margin.  
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Figure 7.4.  Schematic paleogeographic reconstruction during early to middle Miocene times.  Break-up and dispersion continued along strike-slip faults, together with the 
formation of transtensional basins.  The Bahia Basin formed at the western end of the Oca Fault. 
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Figure 7.5.  Schematic paleogeographic reconstruction at late Miocene times.  The Magdalena River started to drain northwards and deepwater turbidites were deposited in the 
gap created by the break-up and displacement of the accretionary prism.  This displacement is also recorded by continuous right-lateral deformation in the Bahia Basin. 
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Figure 7.6.  Schematic paleogeographic reconstruction during Pliocene to Holocene times.  Continuous strike-slip deformation and the tectonic escape of the Maracaibo Block 
cause transpression and basin inversion along the Bahia Fault.  Red arrows are from Trenkamp et al. (2002) and green arrows are from Symithe et al. (2015); arrows not to scale.
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7.2. Late Eocene to Oligocene  
The rate of eastward movement of the Caribbean Plate with relation to South America 
reached a maximum during early to middle Eocene times  (i.e. 36 mm/y) and then decreased 
to 24 mm/y in the late Eocene and 18 mm/y in Oligocene times (Müller et al., 1999; Pindell 
and Kennan, 2009).  This decrease in the relative eastward movement is explained by the 
difficulty of subducting the relatively thick Caribbean plateau, and is consistent with the end 
of the Eocene magmatic activity and the onset of a non-magmatic transpressive margin 
(Bayona et al., 2012a; Cardona et al., 2014).  Furthermore, as a result of the shallow 
subduction of the Caribbean Plate, shortening and uplift started in the Perija Range and the 
Eastern Cordillera, separating the Magdalena Valley from the Maracaibo Basin (Taboada et 
al., 2000; Gómez et al., 2005a; Duerto et al., 2006; Gorney et al., 2007; Escalona and Mann, 
2011).  At the same time, there is evidence that the early magmatic margin broke up by 
strike-slip movement into a series of separated blocks, with concomitant vertical-axis block 
rotation and basin opening between the Leeward Antilles and the Guajira region in the north 
(Beardsley and Avé Lallemant, 2007; Gorney et al., 2007; Macellari, 1995), and between the 
Central Cordillera and the Santa Marta Massif to the south (Reyes-Harker et al., 2000; Montes 
et al., 2005; Gómez et al., 2005b; Montes et al., 2010).  Hence, strike-slip deformation may 
have started at this time along the left-lateral Santa Marta-Bucaramanga Fault and the right-
lateral Oca Fault (Kellogg, 1984; Gorney et al., 2007; Escalona and Mann, 2011).  Different 
degrees of clockwise rotation have been previously proposed for the Santa Marta Massif 
(and its bounding faults), ranging between 12o (Gómez et al., 2005a) and a maximum of 30o 
(Montes et al., 2010).  Regional models however, prefer a static position through time and 
just suggest the possibility of a slight rotation (Pindell and Kennan, 2009; Escalona and 
Mann, 2011).  The model presented here requests the Santa Marta Massif to rotate to 
facilitate the occurrence of strike-slip deformation in the NW corner of South America 
(Figure 7.3).   
 
The oblique subduction, which commenced in Paleogene times, have generated dextral 
transpression with the San Jacinto Fold Belt (SJFB) forming perpendicular to the margin and 
right-lateral displacement occurring at the rear of the accretionary prism (i.e. Romeral 
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Suture).  As strain partitioning occurred across the SJFB, and the Caribbean Plate moved 
eastward relative to South America, the Oca and Cuisa faults started to accumulate right-
lateral deformation, which contributed to the break-up and lateral displacement of the early 
Paleogene margin.  A slight rotation of the Santa Marta Massif due to the partition of 
deformation, would mean that faults such as the Cuisa and Oca faults may have originally 
been oriented in a more NE-SW trend (see change in Figs 7.2 and 7.3).  As a result, pull-apart 
basins started to form along the margin since late Eocene times initially in the north (i.e. 
northern Guajira and Leeward Antilles; Gorney et al., 2007; Macellari, 1995) followed by the 
pull-apart basin formed along the Cuisa Fault in Oligocene times (Gomez, 2001; Vence, 
2008).  This may suggest some diachroneity in the basin formation from north to south 
(Figure 7.3).  Further south, the Bahia Basin started to open at the western end of the newly-
formed Oca Fault, where right-lateral displacement started to segment the SJFB (Figure 7.3).  
At this time, deposition across northern Colombia was dominated by marine mudstones (El 
Carmen Fm., Guzmán, 2007).  Water depths in the Barranquilla area may have reached 2000 
m, which suggests that the paleo-Bahia Basin was also located in a deepwater setting. 
 
7.3. Late Oligocene to middle Miocene  
The relative eastward movement of the Caribbean Plate accelerated during late Oligocene 
times (Müller et al., 1999; Pindell and Kennan, 2009; Escalona and Mann, 2011).  As a result, 
intensive accretion at the sedimentary wedge continued the uplift of the SJFB and may have 
started the growth of the Sinu accretionary prism (Flinch, 2003).  This shortening and uplift is 
recorded in the NW corner of South America as another regionally-extensive unconformity 
of late Oligocene to early Miocene in age (Duque-Caro, 1973; Duque-Caro, 1979; Duque-
Caro, 1984; Rincón et al., 2007), which is also registered in the Bahia Basin by the Araza-1 
well (CHAPTER 5).  As the eastward movement continued, right-lateral deformation 
continued along the Oca and Cuisa faults, which continued to dissect the early-Paleogene 
margin and allowed the continuous opening of transtensional basins in N and NW South 
America (Macellari, 1995; Gorney et al., 2007; Montes et al., 2010).  Thus, the Bahia Basin 
opened in early Miocene times at the western end of the Oca Fault, as a pull-apart basin 
between the dextral right-stepping Fault A and Bahia Fault (Figure 7.4).  Further east, a NW-
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SE trending fault connected Fault A with the Oca Fault and formed the eastern end of the 
basin (i.e. Fault A’).  These NW-SE trending faults formed at the rear of accretionary prism to 
transfer the right-lateral displacement to the Cuisa and Oca faults, contributing to the break-
up and lateral displacement along the margin and controlling de deposition of marine 
sequences (Escalante, 2006; Vence, 2008) (Figure 7.4).   
 
On the eastern side of the Santa Marta Massif, the on-going clockwise rotation formed a 
sinistral pull-apart basin between the left-lateral Santa Marta-Bucaramanga and Algarrobo 
Faults (i.e. “Ariguani Depression”; Reyes-Harker et al., 2000; Ferreira et al., 2012; Bernal-Olaya, 
2014).  2D seismic and well data in the southernmost part of the Bahia Basin (i.e. Cienaga-1 
well, CHAPTER 4) shows a deep depocentre filled with Miocene sediments that continued 
towards the continent.  These observations may suggest a possible connection between the 
Ariguani Depression and the Bahia Basin during Miocene times (Figure 7.4).  At this time, the 
depositional environment was dominated by deepwater turbidites (claystones and siltstones 
in Azara-1 well), which correlate with the Alferez and Porquero formations in the SJFB and 
the Hibacharo Formation in the Luruaco Anticlinorium (Guzmán, 2007).  As initially proposed 
by Duque-Caro (1979, 1984), this rapid deposition of turbidites during early Miocene times 
overpressured the mud-rich units of Oligocene age, resulting in shale movement and active 
mud volcanism.  This activity is also recorded by the formation of mud-withdrawal mini-
basins in the area of the Bahia Basin (Chapters 4 and 5).  
 
7.4. Middle Miocene to lower Pliocene 
During middle Miocene times an angular unconformity is recorded in offshore regions of N 
and NW South America, including the Falcon Basin and Leeward Antilles (Macellari, 1995; 
Gorney et al., 2007), the Guajira Peninsula (Vence, 2008; Moreno et al., 2015), the Bahia Basin 
(Chapters 4 and 5), and the Sinu Fold Belt (SFB) (Duque-Caro, 1984; Flinch, 2003).  This 
angular unconformity is attributed to the collision of the Panama Arc with the continuing 
shallow subduction of the Caribbean Plate beneath South America (Duque-Caro, 1990b; 
Montes et al., 2012; Montes et al., 2015).  This collision is also responsible for major uplift of 
the Perija Range and the Merida Andes (Kellogg, 1984; Taboada et al., 2000; Duerto et al., 
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2006), and uplift of the Eastern Cordillera (Gómez et al., 2005a; de la Parra et al., 2015; Reyes-
Harker et al., 2015).  The uplift of the Eastern Cordillera and the increasing topography in the 
northern Andes led to the establishment of the proto-Magdalena drainage system, which 
started to drain towards the northwest between the Central Cordillera and the Santa Marta 
Massif.  This drainage started the infilling of the Plato-San Jorge Basin with terrestrial to 
deltaic (shallow marine) deposits (Flinch, 2003; Gómez et al., 2005a; Gómez et al., 2005b; 
Guzmán, 2007).  Recent studies using seismic data interpret the northernmost extension of 
these deposits (i.e. the Magdalena Fan), as basin-floor fans of middle Miocene in age 
(Martinez et al., 2012) (Figure 7.5).   
 
This initial deposition of the Magdalena Fan in its current position (i.e. within a gap in the 
South Caribbean Deformed Belt – SCDB, Figure 7.1; CHAPTER 2) has been interpreted as 
the infilling of a transfer zone between the SFB and the SCDB (Ruiz et al., 2000; Martinez et 
al., 2012).  However, this interpretation suggests the occurrence of a WNW-ESE trending fault 
(i.e. Canoas Fault in Ruiz et al., 2000) as the northern termination of the SFB and the locus of 
this right-lateral transfer zone.  However, further studies have not shown any structural 
evidence to support the occurrence of this fault, nor explains how this displacement is 
transferred towards the east (Flinch et al., 2003b; Romero, 2009).  More recently, studies 
using high quality bathymetry data (Romero, 2009) have found a NE-SW trending 
escarpment parallel to the shore line in the area immediately inboard of main Magdalena 
Fan as shown on (Figure 7.1).  To the SW the escarpment aligns with the trend of the SFB-
frontal thrust and continues towards the NE into the Bahia Basin, and hence it is interpreted 
as a fault zone (i.e. Galerazamba Fault on Figure 7.1).  In the area of the Bahia Basin, this 
fault would appear to split along Faults A and C.  Seismic lines in the Galerazamba area do 
not show a clear image to support the occurrence of this fault, but borehole data from 
Barranquilla-1 well suggests the relative shallow location of pre-Miocene strata supporting 
its location in a structural high, which can be interpreted as a footwall of a north-dipping 
normal fault (Figure 7.1A, see CHAPTER 5).  On the other hand, seismic data in the Bahia 
Basin show similar fault geometries between C and Oca Faults, which suggest that they are 
part of the same fault system.  Hence, as most of the eastern movement of the Caribbean 
Plate is partitioned along the right-lateral Oca Fault System, the western end of the fault (i.e. 
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Galerazamba and C Faults) is responsible for the break-up and lateral displacement of the 
older and current accretionary prisms (SJFB and SFB, respectively).   
 
In summary, during middle to late Miocene times the Galerazamba Fault is responsible for 
the offset and separation of the SJFB and the active Sinu accretionary prism, providing the 
accommodation space for the early deposits of the Magdalena Fan.  To the NE, the right-
lateral deformation is transferred along faults A (i.e. Galerazamba Fault) and C (i.e. Oca Fault), 
which resulted in the continuous opening of the triangular-shaped Bahia Basin (CHAPTER 5).  
Within the basin, the cross-basinal Bahia Fault controlled the formation of depocentres at 
both sides of the fault, and the deposition of turbidites (related to the proto-Magdalena 
River) continued the development of down-building mini basins.  The rapid deposition of the 
sediments coming off the rising cordilleras, and fed into the Caribbean by the Magdalena 
River system, loaded these sediments and  triggered the initial mud volcanism along Fault A 
(Chapters 4 and 5). 
  
7.5. Plio-Pleistocene 
During late Miocene to early Pliocene times, a regionally-extensive unconformity is 
registered along the margin of NW South America (Duque-Caro, 1984; Duque-Caro, 1990a; 
Duque-Caro, 2006; Rincón et al., 2007), which correlates with an accelerated uplift in the 
northern Andes (i.e. Eastern Cordillera, Mora et al., 2013; and Merida Andes, Duerto et al., 
2006).  This peak in the Andean orogeny resulted from the onset of the current tectonic plate 
setting, where the Caribbean Plate is moving eastwards relative to South America at a rate of 
~20 mm/yr (Weber et al., 2001; Trenkamp et al., 2002; Symithe et al., 2015) (Figure 7.6).  The 
Nazca Plate (together with the Carnegie ridge; e.g. Egbue and Kellogg, 2010; Pennington, 
1981) is subducting towards the east below NW South America at a rate of 60 mm/yr 
(Trenkamp et al., 2002).  The Panama Block is also moving eastwards (~30 mm/yr; Trenkamp 
et al., 2002), suggesting a partial coupling of these tectonic blocks (Pindell and Kennan, 
2009).  This eastward-directed compression from the Pacific not only has been proposed as 
the trigger for the last Andean uplift, but is also responsible for the north-eastward tectonic 
escape of the Maracaibo Block (Mann and Burke, 1984; Pindell et al., 1998; Taboada et al., 
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2000; Audemard et al., 2005).   This tectonic escape is mainly occurring along the south-
eastern boundary of the Maracaibo Block, along the Bocono Fault (Merida Andes) at a rate of 
9-12 mm/yr (Pérez et al., 2001; Trenkamp et al., 2002; Symithe et al., 2015).  The block is also 
moving on the south-western border along the Santa Marta-Bucaramanga Fault at 6 mm/yr 
(Trenkamp et al., 2002) or < 3 mm/yr (Jiménez et al., 2015; Symithe et al., 2015) and on the 
northern border along the Oca Fault at <3 mm/yr (Audemard, 1996; Audemard et al., 2005; 
Symithe et al., 2015).  Further to the east, the eastward movement of the Caribbean Plate has 
been transferred to the El Pilar Fault in northern Venezuela where the rate of displacement 
reaches 20 mm/yr (Jouanne et al., 2011; Reinoza et al., 2015; Symithe et al., 2015).  Thus, the 
tectonic escape of the northern Andean block, and particularly the Maracaibo Block, transfers 
most of the right-lateral displacement to the Bocono Fault, and reduces significantly the slip 
rate along the Oca Fault from ~20 mm/yr to <3 mm/yr.   
 
The tectonic escape of the Maracaibo Block has been proposed to be the main cause for the 
recent formation of the SCDB, and expresses in the arcuate trend of the southern margin of 
the Caribbean Plate (Kellogg, 1984; Mann and Burke, 1984; Pindell et al., 1988; Pindell et al., 
1998; Pindell and Kennan, 2009; Kroehler et al., 2011).  Furthermore, recent kinematic models 
using GPS data predicts N-S convergence ranging from 3 mm/yr in north-eastern Venezuela, 
5 mm/yr in north central Venezuela, and up to 9.3 mm/yr in north-western Colombia (i.e. 
SFB) (Symithe et al., 2015).  Particularly, around the Bahia Basin, the convergence is N-S and 
3.8 mm/yr offshore the Guajira Peninsula, and NNW-SSE and 6.2 mm/yr offshore Barranquilla 
(Figure 7.6).  Speculations can be made about the reasons for the westerly increasing rates, 
which might be a function of the relative eastward movement and a more orthogonal 
subduction of the Caribbean Plate.  However, this model should only be considered an 
approximation because of the regional scale of the model and the reported limited number 
of GPS sites in the Northern Andes (Symithe et al., 2015). 
 
Some studies have discussed the recent history of the Magdalena Fan and proposed a north-
eastward movement of the river’s mouth, migrating from the Galerazamba area to its current 
position next to Barranquilla city (Link, 1927; Kolla et al., 1984; Pince et al., 2003; Romero, 
2009; Martinez et al., 2012; Molinares et al., 2012).  This movement occurred in response to 
the uplift of the Luruaco and Turbaco Anticlinoriums in the north-easternmost-onshore 
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extension of the SJFB (Figure 7.1).  Furthermore, the uplift of these hills occurred very 
recently, as Pleistocene carbonates from La Popa Formation outcrop along the Galerazamba 
area, and these could not have been deposited in a delta environment (Reyes et al., 2001; 
Romero, 2009).  Then, during Pliocene times the Magdalena Fan was deposited in the 
Galerazamba gap within the SCDB (i.e. SFB) as right-lateral deformation was transferred 
along the Galerazamba to the Oca Fault, producing the bending of the SCDB towards the 
continental shelf (Figure 7.6).  Finally, during Pleistocene times, the latest uplift of the SJFB 
onshore correlates with the bending and uplift of the SCDB offshore, which gives its current 
shape.    
 
In the Bahia Basin, the most obvious effect of the northward movement of the Maracaibo 
Block is the change of the basin’s shape, from a wide ENE-WSW elongated basin (i.e. Figure 
7.5) to a triangular basin with the eastern part squeezed in an E-W trend.  Within the basin, 
the expression of this tectonic escape is recorded by the growth of inversion-related 
structures during Plio-Pleistocene times (CHAPTER 6).  Furthermore, this northern 
movement along the left-lateral Santa Marta-Bucaramanga Fault is divided in a horsetail-
style along different fault segments reflected in the shape of the current Santa Marta Bay 
shore-line (Figure 7.1).  One of these faults might correlate with the northernmost part of 
the Algarrobo Fault, as part of the Santa Marta-Bucaramanga Fault System.  South of the 
Bahia Basin, the pull-apart basins formed in this left-lateral shear are inverted in response to 
the Maracaibo Block’s tectonic escape.  The offshore interpretation of 2D and 3D seismic 
data, identify Fault D as one of the faults that accumulate the displacement.  Here, Fault D 
intersects the E-W trending Fault C, producing either the segmentation or the locking of the 
fault and triggering the jump of the right-lateral displacement towards a northern branch of 
the Oca Fault (Fault C’, CHAPTER 5).  Assuming that Fault C has been offset, and the eastern 
branch displaced northward by the indentation of the Santa Marta Massif, the current 
distance between the two parts of the fault is ~30 km, which suggests a left-lateral 
displacement of 6 mm/yr for Fault D during the last ~5 Ma (Figure 7.6).  This slip-rate equals 
the value estimated by Trenkamp et al. (2002), but is double that the maximum rate expected 
from kinematic models (Symithe et al., 2015) and measured along the Bucaramanga Fault 
(i.e. 3 mm/yr, Jiménez et al., 2015).  However, it is important to highlight that assuming a 
clockwise-rotation model of the Santa Marta Massif, the left-lateral escape should occur at 
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the same time with the rotation and not just as a final stage.  In addition, it is expected that 
the displacement must decrease towards the end of the fault given that 3D seismic data 
confirms the termination of the Santa Marta-Bucaramanga Fault.      
 
In summary, the current geological setting of the north-western corner of South America is 
the result of a complex interaction between tectonic escape of the Maracaibo Block and the 
relative eastward movement of the Caribbean Plate.  The north-eastward movement of the 
Maracaibo Block form the accretionary-SCDB, which follows an arcuate trend along the 
southern margin of the Caribbean; however, the ESE-ward oblique subduction of the 
Caribbean Plate is partitioned along the Galerazamba-Oca Fault System, producing the 
break-up and displacement of the accretionary prism and forming the sharp bend of the 
SCDB against the continental shelf. 
 
7.6. Future work 
The Bahia Basin is the westernmost example of strike-slip deformation in the southern 
Caribbean margin.  The identification of strike-slip deformation is a key element in the 
understanding of basin evolution in oblique subduction settings.  This is of particular 
importance in northern Colombia, where extensive oil and gas exploration campaigns are 
currently active.  Hence, following work to test the models presented in this thesis may 
include the following: 
 
 The study of seismic datasets towards the east of the Bahia Basin, offshore the Santa 
Marta Massif and Guajira Peninsula, in order to test the occurrence of strike-slip 
deformation zones that may control the opening and migration of depocentres, and the 
formation of inversion-related structures.  These strike-slip fault zones might be oriented 
either E-W, parallel to the Oca and Cuisa Faults; NE-SW, parallel to A and Bahia Faults; or 
NW-SE, parallel to Fault A’. 
 
 The use of time/depth slices in 3D data sets (as shown in CHAPTER 5) is a key tool to 
identify and analyse fault networks that may respond to strike-slip deformation.  Features 
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such as clusters of faults with different orientations or sigmoidal trends are typical 
kinematic indicators of strike-slip deformation and vertical-axis block rotation.  The 
identification of these features in surrounding basins, like the Plato-San Jorge Basin, 
would be very important to reduce the controversy about their origin and evolution. 
   
 The identification of mud volcanism towards the NE may indicate the continuation of 
Fault A, which has been defined as the main boundary between the frontal accretionary 
prism and the rear strike-slip deformation zone.  Furthermore, within the strike-slip 
deformation zone, the occurrence of mud volcanoes may determine the location of gaps 
between rotated blocks. 
 
 Mud volcanism has been tied to the occurrence of mobile shale underneath, and the 
formation of mud-withdrawal minibasins.  Although this process is controlled by the 
broad strike-slip setting, further research can be done to investigate this mechanism of 
basin formation and the parameters that control the shale mobility.  This analysis can be 
done in the Sinu and San Jacinto Fold Belt, where large mud volcanism is documented, 
and might highlight the differences between shale mobility in areas of compression and 
areas of strike-slip deformation.   
 
 In the Bahia Basin, 3D seismic processing and depth migration will improve the quality of 
the seismic image and allow the use of quantitative structural analysis to characterise the 
evolution of strike-slip deformation.  Analysis such as fault displacement graphs along 
the Bahia Fault, (e.g. Srisuriyon and Morley, 2013), or strain analysis of transtensional 
rotating blocks (e.g. using heave measurements, Waldron, 2005), might be used to 
investigate the kinematics of deformation in strike-slip basins.  
 
 Analogue and numerical modelling has proved to be an important tool to investigate the 
kinematics of strike-slip deformation (e.g. Dooley, 1994; Rahe et al., 1998; Basile and 
Brun, 1999; Sims et al., 1999; McClay and Bonora, 2001; Atmaoui et al., 2006; Wu et al., 
2009; Mitra and Paul, 2011; Dooley and Schreurs, 2012).  Moreover, analogue modelling 
has also been used to evaluate the kinematics of deformation in oblique convergence 
settings (e.g. Pinet and Cobbold, 1992; Burbidge and Braun, 1998; Schreurs and Colletta, 
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1998; Casas et al., 2001; McClay et al., 2004; Haq and Davis, 2010; Leever et al., 2011a; 
Leever et al., 2011b).  However, these studies are focused on either the formation of 
basins in strike-slip settings, or the deformation within the accretionary prism.  Then, 
there is an absence of analogue studies focused on the formation and evolution of 
basins at the rear of accretionary prisms in oblique subduction settings.  Furthermore, 
variables such as sediment input (emulating the Magdalena Fan), mobile substrates (e.g. 
shale tectonics), and models of indentation at the backstop of the wedge (e.g. the Santa 
Marta Massif) can also be incorporated in future studies.  
 
 Relatively few field studies describe Miocene strata along the Colombian Caribbean 
margin.  Miocene outcropping sections have been recently studied in the northern 
termination of the San Jacinto Fold Belt (i.e. Luruaco Anticlinorium (e.g. Guzmán et al., 
2004; Guzmán, 2007) and in the Guajira Peninsula (Hendy et al., 2015; Moreno et al., 
2015), but there are no field studies describing Miocene strata in the vicinity of the Bahia 
Basin.  However, Tschanz et al. (1969) and Colmenares et al. (2007) have reported the 
existence of fluvial to shallow marine successions outcropping in the northern margin of 
the Santa Marta Massif, which were assign to a Miocene age.  These outcrops are located 
along the Oca Fault System and unconformably overlay Eocene plutonic rocks.  If the 
assigned age is correct, this correspond to the closest record on surface of Miocene 
sediments to the Bahia Basin (i.e. 50 km).  For this reason, detailed stratigraphic 
descriptions and further analysis (e.g. paleomagnetism, thermochronological studies) are 
required to confirm the Miocene age of these strata, and discuss its regional implications 
for the uplift of the Santa Marta Massif and the movement along the Oca Fault. 
  
 Ultimately, detailed biostratigraphic and dating analysis of new borehole data in the 
Bahia or neighbouring basins will be a crucial tool to tie seismic data and constrain the 
temporal evolution of transtensional and transpressional events.   
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CHAPTER 8 
Conclusions 
 
 
This thesis presented detailed seismic interpretation of 2D-3D datasets in the area of the 
Santa Marta Bay, offshore Colombian Caribbean, between the Magdalena Fan and the Santa 
Marta Massif.  The interpretation was integrated with borehole and bathymetry data, to 
describe the evolution of the Bahia Basin.  This narrow basin is located at the intersection of 
regional strike-slip systems that characterise the north-western of South America, and 
reaches up to ca. 8 s TWT in depth (ca. 13 km).  In addition, the area is affected by intense 
mud volcanism that hinders the interpretation but may play a role in the evolution of the 
basin. 
 
The main conclusions of this study are as follows:       
 
1. The Bahia Basin is an offshore strike-slip basin formed at the rear of the South Caribbean 
Deformed Belt and in front of the north-western corner of the Santa Marta Massif.  This 
strike-slip zone formed in response to the ESE-directed, oblique subduction of the 
Caribbean Plate, where partitioning of the deformation occurs creating frontal thrusts 
parallel to the subduction front and strike-slip faults at the rear of the compressional 
zone.  Then, the Bahia Basin is formed at the intersection of two right-lateral, strike-slip 
faults: Fault A and Fault C, which correspond to the regional Galerazamba-Oca Fault 
System that accumulated the strain partitioning.  A third fault is identified in the eastern 
boundary of the basin, Fault D, which corresponds to the northernmost section of the 
left-lateral Santa Marta-Bucaramanga Fault System.  Thus, seismic interpretation in the 
area of the Bahia Basin identifies the offshore continuation of the Santa Massif’s 
bounding faults: a younger Santa Marta-Bucaramanga Fault, which cuts a paleo-Oca 
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Fault; however, is important to highlight that there is no evidence of the presence of the 
Romeral Suture in the area of the Bahia Basin. 
 
2. The Bahia Basin is formed within the northernmost section of the Colombian-Paleogene 
accretionary prism (i.e. San Jacinto Fold Belt).  The accretionary prism was interpreted 
from deep deformed sediments located in the central part of the basin capped by an 
angular unconformity of possibly middle Eocene age.  Above the unconformity, a poorly 
internally defined and chaotic unit is deposited, which is interpreted as overpressured 
shale of late Eocene to late Oligocene age.   
  
3. The Bahia Basin has two main stages of evolution: a late Oligocene to late Miocene 
transtensional stage, and a Pliocene to Holocene transpressional stage.  The 
transtensional stage corresponds to a pull-apart basin formation between faults A and C 
describing a broad triangular shape.  The Bahia Fault crosses the basin in a NE-SW trend, 
parallel to Fault A, and creates a shear zone of ca. 15 km wide.  Hence, faults A, C and 
Bahia, are considered the manifestation of the continuous oblique subduction of the 
Caribbean Plate beneath the NW corner of South America.  Strain is partitioned along 
these faults, opening a wide pull-apart basin with shifting depositional axes.  
 
4. Rapid sedimentation of turbidites was localized at the early-forming Bahia Basin during 
Miocene times.  Thus, the strike-slip deformation and the load of sediments triggered the 
movement of overpressured shale underneath, creating down-building minibasins 
initially on the north-western side of the Bahia Fault and then shifting to the south-
eastern side.  Some of the geometries identified on seismic data resemble salt-
withdrawal structures found in salt provinces.  This process may have started the mud 
volcanism observed in the area. 
 
5. A main evidence for strike-slip deformation is the identification of vertical-axis block 
rotation within a dextral shear zone.  The rocks within the shear zone were subjected to 
local extension and small normal faults are formed.  As the shear zone continued to 
move and the segments along the margins linked, the blocks within the shear zone 
rotate.  Then, the opening of a small graben along the relay zone between the southern 
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and central segments of the Bahia Fault, together with the angle that the faults in the 
northern block make with the Bahia Fault and their sigmoidal Z geometry are consistent 
with a NE-SW right-lateral shear zone.  Under this scenario, the central block in the 
north-western side of the Bahia Fault was rotated clockwise by ca. 30° and the northern 
block rotated clockwise between 20° and 45°.  The blocks are separated by left-lateral 
faults, and mud volcanism appears to have exploited the gaps at the edges of the rotated 
blocks.  This is the westernmost example of vertical-axis block rotation associated with 
the oblique convergence between the Caribbean and South American plates, and 
validates the use of 3D seismic data as an important tool to identify block rotation in 
areas where paleomagnetic studies are not available. 
 
6. The Pliocene to Holocene transpressional stage is characterised by the formation of a 
main depocentre on the south-eastern side of the Bahia Fault.  Detailed seismic 
interpretation of growth strata illustrates the presence of compressional and extensional 
structures that characterise the closing stage of the Bahia Basin.  Structural analysis 
defines this closing stage as the result of transpressional inversion along the cross-
basinal Bahia Fault.   
 
7. This transpressional inversion is characterised by the formation of inversion structures 
along each segment of the Bahia Fault and the concomitant extension along normal 
faults oriented broadly perpendicular to the trend of the inversion-related folds.  
Furthermore, the occurrence of typical strike-slip structures such as a pop-up (i.e. 
Anticline 1), the en-echelon arrangement of Anticlines 1 and 2 at both sides of the Bahia 
Fault and its progressive clockwise rotation towards the trend of the fault, support 
continuous dextral transpression. 
 
8.  Growth strata were subdivided into seven seismic-stratigraphic units that help to 
characterise the temporal evolution and main folding mechanisms of the transpression-
related structures.  Growth of structures occur diachronously from SW to NE along the 
Bahia Fault, and reaches a maximum during deposition of unit IP-4, causing not only the 
growth of extant Anticlines 1 and 2, but also the growth of Anticline 3 in the north-
eastern extension of the Bahia Fault. 
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9. The onset of transpression in the Bahia Basin is explained not only by a continuum of 
deformation in a strike-slip setting, but is also related to the north-eastward escape of 
the Maracaibo Block.  The main result of this escape is the change of shape of the Bahia 
Basin.  Within the basin, the escape is recorded by the growth of Anticline 4 along Fault 
D, which is interpreted as the northern termination of the Santa Marta-Bucaramanga 
Fault. 
 
10. Overall, the evolution of the Bahia Basin constitutes the westernmost example of strike-
slip deformation along the southern Caribbean margin.  The continuum of deformation 
from transtension to transpression is framed in an oblique subduction setting, where the 
eastward-directed Caribbean Plate subducted below the north-western corner of South 
America and strain is partitioned along right-lateral faults at the rear of the frontal 
accretionary prism.  This strain-partitioning triggered the break-up and lateral 
displacement of accretionary prisms formed along the margin (i.e. SJFB, and SFB-SCDB), 
opening the space for the deposition of the Magdalena Fan and the local rotation the 
trend of the SCDB towards the continental shelf on the eastern side of the Magdalena 
Fan.  The larger scale arcuate shape of the SCDB across northern South America has 
formed as a response to the north-eastward expulsion of the Maracaibo Block. 
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